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PREFACE 


This document is one of a series of publications being developed by the NASA Aero- 
space Safety Research and Data Institute for use as oxygen system design and operation 
guidelines. This Special Publication reviews the major issues in the safety and reliabil- 
ity of metals usage in oxygen systems and is presented as a descriptive summary cover- 
ing these issues. 

A microfiche supplement of references is attached inside the back cover to make 
pertinent pages of listed references readily available to the reader. Some references 
are included in their entirety, while only selected pages or sections of others are repro- 
duced. Commonly available handbooks and copyrighted textbooks are not included in the 
microfiche supplement. The location of each reference in the microfiche supplement is 
noted in the list of references at the end of the report. 

This review recognizes the cost in time and dollars that results from any system 
failure regardless of the cause. Although oxygen initiated failures are emphasized, all 
types of failures are considered since the results of oxygen system failures are gener- 
ally more serious because of the chemical and physical properties of the oxidizer. 

A second objective of this volume is to bring together available information that will 
help define the limiting conditions of use that oxygen "compatible" materials may be ex- 
pected to withstand when used in oxygen systems. 

The following representatives at the NASA centers and at the National Bureau of 
Standards participated in the critical review of the text: Melvin G. Olsen of the Kennedy 
Space Center; Robert L. Johnston and Glenn M. Ecord of the Johnson Space Center; 
James H. Hess of the Marshall Space Flight Center; John M. Kazaroff and George Tu- 
lusiak of the Lewis Research Center; and Alan F. Clark and Jerome G. Hust of the 
Cryogenics Division, National Bureau of Standards. 

Frank E. Belles, Director 

Aerospace Safety Research and Data Institute 

National Aeronautics and Space Administration 
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SUMMARY 


This report contains the results of a literature survey and analysis of the material 
and process factors affecting the safety of metals in oxygen systems. In addition, the 
practices of those who specify, build, or use oxygen systems relative to the previous is 
summarized. Alloys based on iron, copper, nickel, and aluminum were investigated 
representing the bulk of metals found in oxygen systems. Safety-related characteristics 
of other miscellaneous metals are summarized. 

It was found that factors affecting the safety of metals in oxygen systems exist in all 
phases of the evolutionary process, from smelting and mill techniques through end- 
product fabrication. 

The interplay of safety-related material and process factors became most compli- 
cated when iron alloys (steels) were considered, because of the existance of multiple 
metallurgical phases. Aluminum, although widely used in oxygen systems, can liberate 
relatively large amounts of heat in an oxygen fire. Nickel is highly fire resistant and 
easily fabricated, but it is too expensive and limited in availability for extensive use. 
Copper is also highly fire resistant, but lower strength and fabrication difficulties cur- 
tail its use in large structures. 

Steels, due to large available property ranges, are found in the construction of all 
kinds of oxygen system components including gears, shafts, plumbing, tankage, and fas- 
teners; aluminum is used principally in tankage and forged parts such as valve bodies; 
nickel is used in more critical (high pressure, high temperature) applications as lines 
and cast and forged components; and copper is found in small oxygen components as 
castings, forgings, and wrought shapes in the form of low pressure tubing, springs, 
valve components, and gaskets. 

Of the miscellaneous metals, magnesium, titanium, and beryllium are distinctly 
hazardous because of the ease and severity of reaction or because of the toxicity of the 
reaction products. The metals gold and platinum are exceedingly safe due to their high 
stability against oxidation. 

The safety of a given metal in an oxygen system was determined to be influenced by 
the particular service requirement. The metal characteristics should favorably influ- 
ence fulfillment of these requirements. Thus, no singular metal or alloy could be clas- 
sified as safest for all types of oxygen service. 


INTRODUCTION 


This survey examines the properties and characteristics of technically important 
metals and alloys as influencing factors in oxygen system safety, complemented with a 
summary of prevailing practices with these metals and alloys in oxygen systems. The 
reader is thus (1) exposed to the types of engineering considerations he would have to 
make when selecting a metal for oxygen service, and (2) provided with the "metal selec- 
tion practice" of the technical community with which to substantiate his selection. 

The vulnerability of an oxygen system to fire or hazardous mechanical malfunctions 
is in part influenced by the physical characteristics of the metals used herein. For ex- 
ample, oxygen, in common with all cryogenic liquids, can cause certain metals to be 
brittle, facilitating failure. Pressure burst in a high pressure gaseous oxygen system 
can likewise be affected by some characteristic in the containment metal (such as low 
toughness) resulting in a bomb-like explosion. Fires often result when metal failures 
occur because (1) the rate of energy release is very high when highly stressed metals 
fail, (2) fragmentation and impact sometimes occur, and (3) other, perhaps less com- 
patible, portions of the structure or surroundings are suddenly exposed to oxygen. Oxy- 
gen can produce other effects on structural metals, but these effects are of little conse- 
quence to the engineer. For example, the fatigue resistance of certain metals, typically 
nickel alloys, is lowered by the presence of oxygen. This effect is, however, produced 
by the presence of only 0. 01 millimeter mercury oxygen partial pressure in the envi- 
ronmental gas; concentrations in excess of this have no further effect (ref. 1). As a 
further example, oxygen by itself is not corrosive to structural metals, and because of 
the necessity for internal system cleanliness to minimize fire hazards, sufficient con- 
tainment is not typically present inside the system to induce corrosion. Emphasis is 
therefore placed on the threats mentioned in the previous paragraph; namely, metal 
fires and metal rupture (principally brittle fracture). 

Four basic alloy systems commonly used in oxygen systems are discussed; steels, 
aluminum and aluminum alloys, nickel and nickel alloys, and copper and copper alloys. 

A summary of more exotic metals is also provided. 

For each alloy system, the basic influencing properties are discussed. The effect 
of alloy composition and processing variables on these properties is shown. 

For each alloy system, the prevailing metal selection practice of those who specify, 
build, or use oxygen systems is summarized. This information includes codes, use 
restrictions and limitations and reasons therefore (if known). 

It should be noted that not all pertinent issues on oxygen safety are discussed for 
each metal. This would make the report repetitous. The issue is raised at the first 
opportunity and only repeated if it is vital to the alloy being discussed. Table I is pre- 
sented as a guide to determine the relevancy of various considerations to various metals 
in oxygen system service. 
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TABLE I. - RELEVANCE OF ISSUES TO METALS 


[l, usually irrelevant or of little concern; 2, should receive attention depend- 
ing on application; 3, should receive attention at all times; 4, very impor- 
tant, always a potential contributor to hazard; 5, critically important, 
principal contributor to hazard.] 


Issue 

Alloy 

Steel 

Alumi- 

num 

Nickel 

Copper 

Miscel- 

laneous 

Brittle transition 

5 

2 

1 

1 

2 

Strengthening 

5 

2 

3 

4 

2 

Casting 

2 

2 

1 

2 

2 

Welding 

3 

4 

2 

N/A^ 

N/A 

Forging 

3 

3 

3 

3 

2 

Surface smoothness 

3 

4 

2 

2 

2 

Thermophysical properties 

2 

4 

3 

3 

3 

Code and use history restrictions 

4 

2 

3 

3 

3 

Plating and passivating 

3 

1 

2 

1 

2 

Lubrication 

3 

1 

1 

1 

2 

Tolerance to contamination 

5 

5 

4 

4 

4 


^N/A, not applicable. 


BRITTLE FRACTURE OF METALS - BASIC INFLUENCES 

Any system is subject to inadvertent overloads. The behavior of the system to an 
overload may be tolerance or failure. The behavior of structural components under 
overload situations can be divided into three categories; (1) where yield of the structure 
relieves the overload and rupture does not occur, (2) where yield of the structure does 
not relieve the overload and rupture occurs, and (3) where yield of the structure consti- 
tutes failure in itself regardless of rupture. Examples of (1) may be bolts in bolted 
joints, struts, and closed containers completely full of pressurized but incompressible 
fluids. Examples of (2) are all pressure vessels containing compressible fluids such as 
lines, fittings, and tanks, and rotating components subject to centripetal loads such as 
pump impellers, etc. Examples of (3) are bearing surfaces, gears, cams, etc. Cate- 
gory (1) is a forgiving situation. Category (3) involves prevention of yield failure by 
providing high yield strength, often at the sacrifice of toughness. In oxygen systems, 
category (2) is the condition for potential explosion compounded by fire, the most com- 
mon and severe hazard. The behavior of metals in this category (2) situation and the re- 
sultant safety is the subject of this section. 
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Capacity to Absorb Energy 


Toughness is the ability of a metal or alloy to absorb mechanical energy prior to 
rupture. The most important singular factor in the selection of materials for items such 
as pressure vessels is to assure. that toughness (and, to be discussed, ductility) is inher- 
ent in the material at all use temperatures. A tough material will resist failure by de- 
forming plastically (yielding) when subject to substantial amounts of energy as illustrated 
in figure 1. Conversely, a low toughness material, although usually much stronger, will 


fail with little or no plastic deformation when subject to smaller amounts of energy 
(ref. 2, pp. 188 and 189). Energy can be supplied from abrupt pressurization, inadver- 
tent impact, thermal shock, etc. While a pressure vessel should not intentionally yield 
in service, it should yield before rupture rather than rupture in a low toughness mode in 
the event of an overload. The reason is simple: the energy contained in the fluid is par- 
tially absorbed in the plastic deformation of the vessel which reduces the energy of the 
explosion. 


All structures contain flaws either introduced during fabrication (such as welding 
porosity, gas bubble formation during mill operations, etc.) or during operation (cracks 
generated from cyclic stressing, cracks generated from stress corrosion, surface nicks 
from impact, etc. ). Structures occasionally fail at stress levels far below the yield 
strength, where the failure initiates at some flaw site. What has happened is that local- 
ized yielding in the region of the flaw was prevented and the stress across the flaw had 
to be absorbed by the flaw tip causing the material at the flaw tip to fail. If the load is 



strain 


Figure 1. - Ductile and brittle behavior. 


Fracture Mechanics Considerations 
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not released by this action, the flaw will further progress and, because progressively 
smaller amounts of sound material are left, the process will continue in an unstable 
manner until the component separates. If, on the other hand, the material at the flaw 
tip could flow plastically to relieve the local stress, the flaw would not extend and failure 
would not occur. The previous separates ductile from brittle behavior in metals. Duc- 
tility is therefore the ability of the material to deform plastically while toughness is the 
ability to absorb energy during plastic deformation. Ductile to brittle transition in a 
particular metal is facilitated by high strain rates (impact), decreasing temperature, 
and a state of complex stress acting to constrain the material. A liquid oxygen pressure 
vessel embodies all of the conditions necessary for brittle explosion: low temperatures, 
the existence of a compressible fluid, a state of complex constraining stresses in the ves- 
sel wall, and the potential for sudden overload (impact or internal reaction). 


Effect of Crystal Structure 

The ductile or brittle behavior of metals is dependent on the structure of the crys- 
tals contained therein. Metals with cubic lattice structure and one atom in the center of 
each face (FCC) show no loss in ductility down to at least liquid oxygen temperature. 
Examples are aluminum, copper, and nickel. Metals with cubic lattice structure and 
one atom in the center of each cube (BCC) and metals with a hexagonal crystal structure 
show a marked ductile to brittle transition. Examples are iron, carbon steel, and tita- 
nium. Fortunately, iron can be alloyed in a way that the ductility improves. One can 
never rely on the previous criterion as the only one for predicting the ductile or brittle 
behavior of a given metal because other metallurgical factors are also at play in a real 
alloy system. For example, dissolved gases, metallic precipitates, grain size, and 
component size also have relevance in ductile or brittle behavior as evidenced in the fol- 
lowing sections. 


Effect of Elevated Temperature 

Certain alloys sustain a loss in ductility as the temperature is raised to a substan- 
tial fraction (one-quarter to three-quarters) of the melting temperature. This is evi- 
denced by a loss of elongation of metal samples in tensile testing. In an oxygen system, 
should a heat-producing reaction occur that would elevate the temperature of a pressure 
containment structure, a brittle failure of this otherwise ductile structure could occur. 
This is especially serious if the alloy sustains a loss of ductility before it sustains a loss 
of strength with increasing temperature: this prevents failure in a ductile mode by loss 
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of strength due to heating. Paradoxically, those alloys that exhibit a high degree of duc- 
tile behavior at cryogenic temperatures generally suffer a loss of ductility at high tem- 
peratures. Examples of alloys that lose substantial ductility before losing substantial 
strength at high temperatures are Inconel X-750, Monel K-500, and nickel silvers. Ex- 
amples of alloys that lose ductility and strength more or less simultaneously are austen- 
itic (300 series) stainless steels, brasses, and bronzes. Examples of alloys that do not 
lose ductility (or, in some cases, gain ductility in a continuous manner) are low alloy 
steels, martensitic (400 series) stainless steels. Inconel 718, Hastelloy X and, apart 
from the aforementioned paradox, copper and aluminum alloys. 

STEEL 

Steels comprise the most widely used group of alloys in oxygen systems because of 
their diversity of properties, low cost, and ease of fabrication. Reference 3, in a re- 
view of applicable literature, has concluded that ignition of steels in oxygen generally 
occurs near the melting temperature of 1300° C. Combustion is continuous and moder- 
ate, intermediate between nickel alloys (which gradually quench) and aluminum alloys 
(which burn vigorously). At 800 psi the ignition temperature for low alloy steels is 
lowered 200° to 400° C below the melting temperature and the burning rate is increased. 
The ignition temperature of steels is probably further lowered at still higher pressures 


TABLE II. - BASIC FACTORS AFFECTING THE SELECTION OF 


STEEL FOR OXYGEN SERVICE 


Carbon steel 

For - The cost is low and ease of fabrication in large commercial 
ground structures. Good strength exists considering cost. 

Against - Surface scales (rust) form with moisture creating a po- 
tential contamination trap. These scales can also be carried in 
the fluid stream to initiate reactions elsewhere in the system. 
Ductility is lost at subzero temperatures prohibiting pressure 
containment of LOX. 

Alloy steel (high- 
strength, low- 
alloy steel) 

For - Such alloys possess exceptional hardness and strength for 
wear resistant surfaces and containment of high pressure 
gaseous oxygen. 

Against - Same as Carbon steel. 

Stainless steel 

For - Retention of ductility at LOX temperatures (austenitic 
grades only) permits containment of LOX. Only a very thin 
oxide film forms which facilitates cleaning and minimizes con- 
taminant accumulation. 

Against - The cost is higher than for others. The strength is lower 
than alloy steels. 
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by virtue of the observed trend at lower pressure ranges. Reference 4 (pp. 32 to 34) 
indicates that the ignition of steels can be promoted easier than the ignition of copper or 
nickel at 7500 psi. Combustion characteristics for various steels will differ if the al- 
loying elements chromium or nickel are present in large (>10 percent) amounts. Chro- 
mium (such as in 400 series stainless steels) will invigorate the combustion, and nickel 
(such as in 300 series stainless steels) will passify the combustion. Selection criteria 
are shown in table II. 


Application in Oxygen Systems - Alloys Suitable for Use 

Table in (from refs. 5 and 6) lists the uses for steel in oxygen systems and the 


TABLE in. - SELECTION OF STEELS FOR USE IN OXYGEN SERVICE"* 


Applications (with reference to text) 


Major factors influencing selection 


Steels commonly used in oxygen service 


Service temperature extremes, F 
500 80 -20 -75 -170 -300 


Category I - Pressure vessels: 
lines, fittings, valve bodies, 
tanks, etc. 


Notch impact toughness 
Fracture toughness 
Notch strength 
Thermal shock resistance 
Creep resistance 
Weldability 
Formability 

Avoidance of phase-transformation-induced brittle 
behavior 

Ability to provide smooth surface finishes - 
resistance to surface corrosion 
Fire compatibility with oxygen 
Resistance to stress corrosion 


[ Carbon, alloy 
steels 


Carbon, alloy steels 
[ Controlled C-Mn ratio 


> Ni steel 


; 3^ Ni steel, 12 Ni maraging 


LOX 


1 9 Ni steel 




) 304 stainless steel 




) 304L, 316, 318, 321, 347 stainless steel 

1 310 stainless steel 





Category II - Load bearing surfaces: 
bushings, rolling-element bear- 
ings, gears, pivot-joints, shafts, 
etc. 


Hardness 
High modulus 
Fatigue strength 
Dimensional stability 
Machinability 
Acceptance of phase-transformation-induced brittle 
behavior to improve performance 
Ability to provide smooth surface finishes - 
resistance to surface corrosion 
Fire compatability with oxygen 
Resistance to stress corrosion 
Compatibility in oxygen when lubricated 
Resistance to galling, seizure 


440C stainless steel 


Incoloy alloy 802 


52100 


Nitralloy 135 modified 


D6A 


M50 


Category in - Locating hardware: 
fasteners, struts, ties, brackets 


Strengthenability by thermomechanical treatments 

Creep resistance 

Formability 

Compatible thermal expansion characteristics 
Ability to provide smooth surface finishes - 
resistance to surface corrosion 
Fire compatibility with oxygen 
Resistance to stress corrosion 
Compatibility in oxygen when lubricated 
Resistance to galling, seizure 



301, 302 stainless steel | 


410 stainless steel 



< 

17-4 PH, 17-7 stainless steel 




AM350 stainless steel 




f A 286 


*Fr6m information in ref. 5 (pp. 63 to 536) and ref. 6 (secs. IIXX to 16XX). 
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types of steels to fulfill these uses. There are over 500 alloys classified as carbon 
steels, alloy steels, high strength steels, and stainless steels as listed in reference 7 
(pp. 1 to 14). Each of these alloys has certain properties which permit specific uses in 
oxygen such as those listed in table ni. Engineering considerations such as welding, 
machining, forging, and casting for most of these alloys are given in reference 5 (pp. 63 
to 536) and are not summarized here because of the extensive volume of such informa- 
tion. 


Phase Transition and Brittle Failure of Steels 


The three basic factors that contribute to brittle behavior in a given steel are high 
strain rates (impact), low temperatures, and the presence of notches (fig. 2 from ref. 8, 



I ncreasing temperature 

Decreasing rate of load application 
Decreasing transverse stresses — 


Figure 2. - Effect of temperature, rate of loading, and 
transverse stresses on type of failure (ref. 8, p. 17). 


p. 17). According to present knowledge, there is always a considerable increase in 

yield strength with a corresponding loss in ductility at high strain rates; the yield point 

-3 2 

for mild steel doubles for an increase in strain rate from 10 to 10 inch per inch per 
second. At some point in decreasing temperature, called the nil ductility transition 
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TABLE IV. - MINIMUM ACCEPTABLE IMPACT VALUES FOR STEELS^ 


Material 

Specified minimum 
tensile strength 

Operating temperature range, ”F 

Charpy V-notch impact 
energy, ft-lb 

Lateral ex- 
pansion, 
in. (mil) 

Fully deoxi- 
dized steel 

Other than 
fully de- 
oxidized 

Carbon, low alloy steels 

65 000 psi and less 

-20 to 100 Average for 3 specimens 

13 

10 





Minimum for 1 specimen 

10 

7 



Carbon, low alloy steels 

Over 65 000 to 75 000 psi 

-20 to 100 Average for 3 specimens 

15 

13 




inclusive 

Minimum for 1 specimen 

12 

10 



Carbon, low alloy steels 

Over 75 000 to but not 

-20 to 100 Average for 3 specimens 

15 

13 




including 100 000 psi 

Minimum for 1 specimen 

12 

10 



Carbon, low alloy steels 

100 000 psi and over 

-20 to 100 Minimum for 3 specimens 


- — 

0.015 (15) 

Types 304, 304L, 347 stainless 


below -325 

... 

--- 



FeM (chromium) stainless 


below -20 


... 



FeA (chromium-nickel) stainless 


below -20 





with carbon greater than 







0. 10 percent 







FeA stainless with alloy content 


below -20 


... 



in excess of AISI limits 







High alloy steels in castings 


below -20 

— 

... 



Types 309, 310, 316, 309Cb, 


All temperatures 

--- 

... 



310Cb, or 316Cb stainless 








^From information in ref. 11. 


temperature (NDT), the metallurgical structure of the steel changes with a resultii^ 
change from ductile to brittle behavior. Metallurgical influences on the NDT will be dis- 
cussed later. The presence of the notch constrains the material in a triaxial state of 
tensile stress at the root of the notch which reduces plastic behavior: tensile strains in 
the longitudinal direction cannot be made up for by necking-in deformations in the trans- 
verse directions (ref. 9, pp. 81 to 85). 

The most widely recognized test to measure the brittle nature of metals is the 
notched bar impact test (ASTM E23-66, ref. 10, pp. 275 to 289). Therein, the energy 
necessary to fracture a notched specimen and the bulge or lateral expansion at the frac- 
ture site are measured. The impact energy level that the particular metal must survive 
is a function of the end use. The ASME Pressure Vessel Code (ref. 11) recognizes the 
following (table IV) minimum acceptable impact energy conditions for steels for pressure 
vessel construction at the temperature and condition for which service is intended. 
Paragraph UG-84 of Division 1 and Article M-2 of Division 2 of Section VIII of the ASME 
Boiler and Pressure Vessel Code must be consulted when defining the impact test re- 
quirements for steels for pressure vessel applications. 

The specimen configurations for the Charpy tests are shown in figure 3. A more 
complete description of specimen types is given in reference 10 (pp. 282 and 287). 





0.394 


Charpy V notch impact specimen 



Charpy keyhole notch impact specimen 



Rgure 3. - Charpy test specimens and test method (ref. 8, p. 159). All 
dimensions are in inches. 
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Three things must be recognized when reviewing data on impact strength: 

(1) The results are functions of the specimen configuration such that Charpy key- 
hole, Charpy V-notch, Izod specimen, etc. tests will not correlate. 

(2) The impact test provides quantitative comparisons on a selected specimen, but 
data cannot be converted into energy values that would serve for engineering design 
calculations. 

(3) Impact strength is a criteria that must be applied regardless of the type of oxy- 
gen service, whether it be a stainless steel for the containment of LOX or a carbon 
steel for gaseous oxygen service at room temperature (ref. 10, p. 287). 

An excellent discussion on the transition between ductile -to -brittle behavior as 
evidenced by impact testing is given in reference 8 (pp. 18 to 27). 

Effect of steel plate thickness. - In general, the NDT temperature increases as the 
rolled plate thickness increases (fig. 4). This is principally due to a lack of grain re- 
finement as one progresses into the center of a thick rolled section. The transition tem- 
perature should be determined from specimens of full plate thickness if the standard 
range of Charpy specimen widths can accommodate this restriction (see ref. 10, pp. 275 
to 289). 


Semikilled, 
0.16C, 0.95Mn- 


Si-killed, 

0.23C, 0.45Mn-i 

Semikilled, 

,0.16 C, 0.75 Mn7 
/ 


0.16C, 0.75Mn-i \ / i i ' T 

i 1 \ ; 1 \ 1 

2 








1 

2 0^ 









■ Si-AI-killed, 

0.16 C, 0.45Mn 
r Al-killed, 

\0.23C, 0.45Mn 

-Semikilled, 


0.23C, 0.45Mn 


Transition temperature, ®F 


Figure 4. - Average curves showing effect of plate thickness on 
keyhole Charpy ductility transition temperatures of various 
carbon steels (ref. 8. p. 30). 


Effect of specimen orientation. - In general, specimens oriented parallel to the 
rolling direction and notches parallel to the plate surface give higher impact energy val- 
ues than specimens oriented transverse to the rolling direction and notches normal to the 
plate surface (fig. 5). The usual procedure is to use the LH specimen orientation shown 
in the figure. 
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Figure 5. - Effect of Charpy V transition curves of notch and 
specimen orientation relative to rolling direction (ref. 8, p. 661. 


Effect of metallurgical factors. - Increases in carbon content tend to increase the 
transition temperature and to reduce the abrupt transition from ductile to brittle behav- 
ior (fig. 6). This is true for all t5rpes of steels including stainless steels. As the tem- 
perature is lowered and the change from austenite to martensite begins, the carbon is 
precipitated out of the crystalline structure. This causes a bondii^ action which pre- 
vents the metal from slipping in shear (the criteria for ductile behavior) causing the 
failure to occur in cleavage (the criteria for brittle behavior) (ref. 12, pp. 144 and 145). 



Figure 6. - Effect of carbon on shape of Charpy V transition curve 
(ref. 8, p. 361. 
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Increases in nickel content tend to decrease the transition temperature and to reduce 
the abrupt transition between ductile and brittle behavior (fig, 7). At high (>42 percent) 
nickel content, the austenite phase is completely stabilized such that no brittle trans- 
formation is possible (ref. 12, p. 58). 



Figure 7. - Effect of nickel on impact properties of steel 
(ref. 13, p. 48). Source, International Nickel Company. 


Table V lists the constituents that are commonly found or added during the manu- 
facture of carbon or low alloy steel that have a significant effect on impact strength. 


TABLE V. - EFFECT OF ALLOY CONSTITUENT ON IMPACT 
STRENGTH OF LOW ALLOY STEELS^ 


Alloy 


Manganese 

Lowers NDT temperature 0. 75° to 1° F for every 0. 01 percent increase in 
manganese up to 1. 5 percent 

Silicon 

Present in killed steels in amounts of 0. 15 to 0. 30 percent; silicon seems 
to lower NDT temperature 

Phosphorus 

Drastically raises NDT temperature, about 7° to 13° F for each 
0. 01 percent of phosphorus 

Nitrogen 

Moderately raises NDT temperature; most evident in strained and aged 
material 

Aluminum 

Lowers NDT temperature in silicon-killed steels, especially in thick 
plates where problem is more critical 


^From information in ref. 8, pp. 36 to 39. 
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Specifically, the manganese-to-carbon ratio is of most important note in the selection of 
pressure vessel steels. The Mn/C ratios greater than 2. 5 provide a steel for use down 
to about -20° F; Mn/C greater than 4. 5 are used down to -70° F; and fine grained man- 
ganese, low carbon steels treated with aluminum, niobium, or vanadium for extra grain 
refinement can be used down to -130° F. 

Steels with finer grain size, other things being equal, have lower transition temper- 
atures than coarser grained steels. Doubling the number of grains lowers the Charpy 
keyhole NDT temperature on the order of 20° to 30° F (ref. 8, pp. 36 and 37). 

The relevance of steelmaking methods on the notch impact strength is presented in 
tables VI and VII. 


TABLE VI. - STEELMAKING PRACTICE^ 


Method 

Production 

quantity, 

percent 

Characteristic product 

Open hearth 

87 

0. 025 to 0. 03 percent sulfur, less than 0. 006 percent 
nitrogen results in good impact toughness 

Acid Bessinier 

3 

0. 015 Percent nitrogen; 0. 7 to 0. 12 percent phosphorus 
results in compromised impact toughness; tube and 
pipe frequently fabricated from acid Bessimer stock 

Electric furnace 

10 

Similar to open hearth except slightly higher nitrogen; 
therefore, slightly lower impact toughness 


^From information in ref. 8, pp. 33 to 35. 


TABLE VII. - DEOXIDATION PRACTICE^ 


Method 

Characteristic product 

Rimmed steel 

Strong evolution of carbon monoxide takes place during freezing of in- 
got resulting in variable carbon content; low Mn/C ratio, relatively 
high oxygen, nitrogen content results in poor impact toughness 

Killed steel 

Silicon and/or aluminum added to completely stop carbon/oxygen re- 
action resulting in superior impact toughness; expensive 

Semi-killed 

Lie between rimmed and killed steels in practice and resultant impact 

steel 

toughness 


^From information in ref. 8, pp. 33 to 35. 
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Characteristics of Various Stainless Alloys 


Reference 6 divides stainless steels into two basic types - austenitic (FeA) and 
martensitic (FeM). In addition, two other groups of steels, age hardening (FeAH) and 
nickel steels, are closely allied to stainless steels and will be discussed here. The FeA 
steels are the most widely used stainless steels in oxygen systems (ref. 13, pp. 39 
to 42). These steels are annealed by quenching from the austenitic temperature range. 
Strength is improved from the annealed condition only by cold working. The FeA stain- 
less steels with less than 18 percent nickel will partially revert to martensite when ex- 
posed to LOX temperatures, especially when the material is strained (forced to change 
shape) at LOX temperatures. Carbon and nitrogen tend to stabilize (prevent) this transi- 
tion, but the resulting metallurgical structure will be more brittle due to the formation of 
compounds at the grain boundaries containing residual carbon and nitrogen. The prefer- 
ence (from a toughness standpoint) is to allow or sometimes encourage the formation of 
some martensite but not to allow sufficient carbon and nitrogen to be present to precipi- 
tate as a result of this transformation. The low carbon (designated by the suffix L) ver- 
sions of the FeA steels are therefore favored for cryogenic LOX applications. Due to 
the many variables involved in the amount and properties of the martensite formed the 
subject can only be discussed qualitatively, such as is done in table Vin. 


TABLE Vra. - MARTENSITE TRANSFORMATION IN AUSTENITIC STAINLESS STEEL^ 


Factor 

Amount 

Type of stain- 
less steel 

Amount of marten- 
site formed at 
LOX temperature 

Nature of marten- 
site formed 

Prevailing threat or advantage 

Nickel content 

Low 

201 

Much 

Could be brittle 

Low toughness, dimensional 
change 


Medium 

304 

Some 

Most likely ductile 

Dimensional change 


High 

310 

None 


No toughness change, no dimen- 
sional change 

Carbon, nitrogen 
content 

Low 

304L 

Much 

Tough 

Acceptable toughness, dimen- 
sional change 


High 

304 

Some 

Very brittle 

Possible^ brittle behavior 

Low (LOX) temper- 

Mild 

— 

Some 

Tough 

Acceptable toughness 

ature straining 

Severe 

— 

Much 

Tough 

Possible*^ brittle behavior 

Room temperature 

Mild 

— 

None 


None 

straining before 
LOX use 

Severe 


Some 

Tough 

Minimizes brittle behavior of low 
nickel or high carbon alloys | 


^From information in ref. 12, pp. 57 to 65. 
^When combined with other bad factors. 
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Some of the FeA stainless steels (most notably type 304) exhibit yield strengths that 
are only one-third to one-quarter of the tensile strength. To prevent permanent struc- 
tural deformations, the designer must base the working stress below the yield strength. 
The strength to weight ratio of these FeA stainless steels is therefore compromised over 
the other types to be discussed. The FeM stainless steels can be quenched from the 
temperature at which austenite exists (1700° to 1900° F) and tempered between 400° and 
1400° F to develop high (180 000 to 200 000 psi) tensile strength. These steels contain 
little or no nickel and 11. 5 to 18 percent chromium and can be welded or cast. The most 
commonly used types are 410 (12Cr, low carbon) and 430 (16Cr, low carbon). While 
these steels are acceptable for use in gaseous oxygen systems at room temperature, the 
inherent martensitic structure is brittle at LOX temperatures prohibiting them from use 
in pressure vessel applications with LOX but making them ideal for applications (includ- 
ing LOX) requiring hardness and wear resistance. Carbon is added to FeM stainless 
steels to further enhance the characteristic of high hardness. The prime example, 
type 440C, is commonly used in bearirgs in LOX systems. 

Age hardening (FeAH) stainless steels derive their strength from complex (often 
proprietary) combinations of strain and age hardening. Tensile strengths up to 
240 000 psi can be obtained. Because of the nickel content of these steels, fire compati- 
bility with gaseous oxygen is as good as FeA stainless steels, permitting their use there- 
with. However, as with FeM stainless steels, FeAH steels generally become notch sen- 
sitive at liquid oxygen temperatures, similarly curtailing their use. 

Nickel steels are commonly used in LOX systems (where large amounts of material 
are required) to avoid the high cost of FeA stainless steels. A minimum of 9 percent 
nickel (ASTM-A353) is required to keep the notch toughness acceptably high at LOX tem- 
peratures. Even so, the notch toughness of 9 percent nickel steel is reduced to 50 per- 
cent of the toughness of FeA type 304 at LOX temperatures, suggesting a smaller critical 
flaw size for 9 percent nickel steel. ASME allowable stresses for this material 
(22 500 psi, 1/4 of the yield) should therefore be respected. For applications where the 
ASME pressure vessel code does not apply and stresses closer to yield are necessary, 

9 percent nickel steels should not be used in favor of materials with a greater notch 
toughness ratio at liquid oxygen temperatures. Nine percent nickel steel is not corro- 
sion resistant. Oxide scales will form in the presence of moist or saline air. Scales of 
this sort can be carried as reactants by fluid flow through the system. It is therefore 
necessary to establish relatively tight controls on moisture and other atmospheric con- 
taminants from the inside of 9 percent nickel oxygen vessels, even during periods of 
nonuse. 
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Types of and Specifications for Stainless Steel Alloys for Oxygen Service 


Tables A-I and A-II in the appendix (ref. 6, secs. 13XX to 16XX) list the applicable 
specifications and special considerations governing the use of stainless steels. 

ALUMINUM AND ALUMINUM ALLOYS 

Aluminum and its alloys require a relatively large amount of energy to react with 
oxygen and are therefore considered acceptable, with basic precautions, for structural 
use in oxygen systems. Aluminum alloys derive their resistance to reaction in oxygen 
by the natural formation of a thin protective oxide surface film that protects the substrate 
from further oxidation. High (7500 psi) pressure of oxygen does not effect this film, but 
temperatures in excess of 1200° F cause a loss of film coherence. A situation such as 
this is not inconceivable, since a rapid surface reaction could produce a molton zone at 
this temperature while the rest of the structure remained structurally intact at ambient 
temperature. Above 1200° F it becomes possible to burn the metal (ref. 3, p. 12). For 
rapid combustion to proceed, the temperature must exceed the melting point of aluminum 
oxide (3700° F). Sudden disruption of the film at lower temperatures such as by me- 
chanical or chemical means permits ignition, and under these conditions the ignition point 
also becomes influenced by oxygen pressure. The quantitative levels of energy rate 
causing ignition of aluminum at various temperatures and pressures are not known, so 
the process of designing aluminum into an oxygen system in a fire-safe manner consists 
of rigidly adhering to criteria developed from use experience. 


Applications and Limitations in Oxygen Systems 

Aluminum and aluminum alloys are found in all phases of oxygen manufacture and 
use. Table IX summarizes the advantages and disadvantages of each major application. 

In ground liquid oxygen systems, aluminum is used extensively for tankage, lines, 
pump and valve components, and heat exchangers (ref. 14, pp. 305 to 310). Aluminum 
is the lowest cost material suitable for use with liquid oxygen and directly competes with 
9 percent nickel steel in this application. 

In aerospace liquid oxygen systems, aluminum frequently becomes the primary 
structural material by virtue of its light weight. Figure 8 shows the application of alu- 
minum alloys to the Saturn V, S-IC stage. The critical failure mode of such a structure 
is buckling; therefore, the added wall thickness permitted within the weight allowance by 
the low density of aluminum is beneficial (ref. 14, p. 441). However, very special 
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TABLE K. - FACTORS AFFECTING USE OF ALUMINUM IN OXYGEN SYSTEMS 


Application 

Favorable factor 

Unfavorable factor 

General O2 use 

High amount of energy required to ignite 
aluminum (ref. 14, p. 922) 

Combustion characterized as violent (ref. 4, 
p. 8) 

Liquid oxygen (LOX) 

No brittle phase transformation at cryo- 
genic temperatures; low cost 

Coefficient of thermal expansion higher than 
other acceptable materials (ref. 13, p. 75) 

Ground LOX systems 

Light weight improves payload efficiency 
of ground transport (ref. 14, p. 309) 

High heat extraction of aluminum increases 
boiloff losses (ref. 13, pp. 26 and 27) 

Aerospace LOX sys- 

Good strength to weight ratio, ease of 

Surface scales may form (due to atmospheric 

terns 

fabrication, especially in large con- 
struction (ref. 14, pp. 441 to 451) 

exposure) perhaps hindering maintenance of 
cleanliness; certain high-strength alloys 
difficult to purchase in small quantities 

Oxygen heat exchangers 

High thermal conductivity provides com- 
pact design (ref. 14, pp. 305 and 306) 

Must be fabricated by flux-brazing; selection 
of alloys limited (ref. 14, pp. 305 and 306) 

Gaskets 

Good conductivity, nil creep or relaxa- 
tion at LOX temperature 

Requires higher compression to seal than non- 
metallic gaskets, thermal expansion charac- 
teristics usually different from surrounding 
structure creating possibility of leakage 


1 Forward skirt structure, alloy 
7075-T6 

2 Gox distributor, alloys 22I9-T87, 

T81 and T6 

3 Oxidizer tank, alloys 2219-T87, 

T8I and T6 

4 Antislosh baffles, alloys 2024-T3 
and 7178-T6 

5 Antivortex device 

6 Cruciform baffle 

7 Intertank structure, alloy 7075-T6 

8 Fuel tank, alloys 22I9-T87, 

T81 and T6 

9 Suction line tunnels, alloy 
2219-T81 

10 Oxidizer suction lines 

11 Fuel suction lines 

12 Center engine support, alloys 
7075-T6 and 7079-T6 

13 Thrust column, alloy 7075-T6 

14 Holddown post, alloy 7079-T6 

15 Upper thrust ring, alloy 7075-T6 

16 Lower thrust ring, alloy 7075-T6 

17 Engine fairing, alloy 7075-T6 

18 Fin, alloys 2024-B and 7075-T6 

19 F-1 engine 

20 Retrorockets 

21 Gox line 

22 Helium line 

23 Helium bottles, alloy 2014-T6 

24 Helium distributor 

25 Oxidizer vent line 

26 Instrumentation panels 

27 Cable tunnel 

28 Umbilical panel 

Figure 8. - Use of aluminum on S-IC stage (ref. 14, pp. 442 and 443). 
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treatment of aluminum is necessary in aerospace applications, especially with the 7XXX 
series alloys. Most of these aluminum parts are given detailed stress analysis and most 
are subsequently painted on exterior surfaces after assembly to counter the high suscep- 
tibility to stress corrosion when high stresses are present. 

In room temperature oxygen systems, the role of aluminum is generally relegated 
to small component construction, because carbon or alloy steels have the advantage of 
either lower cost or lighter weight by virtue of their high strength. These steels cannot 
be used at cryogenic temperatures because of brittle phase transformation. 

In elevated temperature oxygen systems, aluminum is not used because its strength 
deteriorates rapidly above 400° F (ref. 5, pp. 878 and 879). 

In high pressure oxygen systems, the relatively low strength of aluminum necessi- 
tates a greater wall thickness, favoring the use of high strength nickel or iron base al- 



Figure 9. - Aluminum against steel for high pressure 
gaseous oxygen containment in a 10-inch inside 
diameter cylindrical vessel. 
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loys. This is exemplified in figure 9, based on ASME Pressure Vessel Code Require- 
ments (ref. 11). 

In situations where no practical recourse exists to avoid injury or loss of life in the 
event of fire, aluminum is not used because of the observed violence of combustion in 
concentrated oxygen (ref. 4, p. 8). Alloys of nickel or copper are somewhat more diffi- 
cult to ignite, and they burn much less violently than aluminum (ref. 4, pp. 32 to 34 and 
ref. 15, pp. 917 to 923). 


Aluminum Alloys Suitable for Oxygen Use 

Subject to the factors herein, all alloys of aluminum defined by processing factors 
given in reference 16 and by specifications as shown in table A-III (ref. 17, pp. 162 
to 164) of the appendix can be used in oxygen systems. Descriptions and attributes of 
various aluminum alloy series are contained in table X. 


Processing and Fabrication Factors 

strengthening and temper designation. - Aluminum alloys are strengthened by strain 
hardening and/or heat treatment. All alloys are annealed, called the "O" condition, by 
heating to a temperature between 650° and 800° F followed by a slow (50° F/hr) furnace- 
controlled cooling procedure (fig. 10) or a more rapid air-cooling procedure. Alloys 
2XXX, 6XXX, 7XXX, and some casting alloys will strengthen with age and temperature. 
Aging response is made possible by first creating the "W” condition which consists of 
heating to between 900° and 1000° F followed by a rapid quench to hold constituents in 
solution. Care must be taken not to overheat the material because local melting or oxide 
formation will either result in weak spots or brittleness. The delay between extraction 
of the alloy from the solution bath and quench should be minimized because of possible 
segregation of constituents, resulting in reduced corrosion resistance (ref. 6, secs. 
32XX-33XX). This procedure allows certain of the alloying elements to enter into a 
solid solution with the aluminum and subsequently to be entrapped in solution during the 
quench. The alloy is then naturally aged at room temperature or artificially aged at 
elevated (250° to 400° F) temperatures. 

All aluminum alloys are strengthened by straining past the yield point. This can be 
done during stock processing (tube extrusion, etc. ) or finished part processing (die forg- 
ing, etc.). The properties of the 5XXX (magnesium -containing) alloys should be stabil- 
ized by a low temperature heating cycle after strain hardening if properties changes are 
to be avoided over a long time at room temperature. Alloys 2XXX and 7XXX that are 
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TABLE X. - DESCRIPTION OF ALUMINUM ALLOYS® 


Alloy 

series 

Composition 

Strengthening 

methods 

Factors affecting use 

IXXX 

99. 0 to 99. 6 per- 
cent pure alu- 
minum 

Cold work only 

All IXXX are readily weldable by all methods. All are very ductile and suit- 
able for deep forming operations. All are more tough at cryogenic tempera- 
atures than at room temperature, even after severe cold working. Annealed 
or partially worked stock is too soft to machine to a high surface finish. High 
thermal conductivity produced by low alloy content improves fire safety. Low 
strength curtails high performance applications. 

2XXX 

93 to 95 percent 
aluminum, balance 
principally copper 

Cold work plus 
aging at room 
or elevated 
temperature 

Weldability and formability decrease with increasing strength. Weldable by 
gas-tungsten-arc (GTA) or gas-metal-arc (GMA) methods only. Alloy 2219 
has excellent weldability, medium strength, good cryogenic toughness, and 
excellent stress corrosion resistance, allowing its use In LOX and GOX 
pressure vessel applications. Alloys 2014 and 2024 progressively sacrifice 
the above for strength improvements. Alloy 2219 can develop weld strength 
equal to parent metal strength if postweld heat treatment is employed. 

3XXX 

98 to 99 percent 
aluminum, balance 
manganese 

Cold work only 

Strength slightly higher than IXXX but considerably lower than other alumi- 
num alloys. All have excellent cryogenic toughness. Alloy 3003 is readily 
brazed and has high thermal conductivity and for this reason is used exten- 
sively in heat exchangers. 

5XXX 

94 to 96 percent 
aluminum, balance 
principally mag- 
nesium 

Cold work only 

Readily welded by GTA and GMA methods. Welding reanneals the material 
in the heat affected zone but the as-welded strength is typically higher than 
other alloys. The 5XXX alloys are the most widely documented and charac- 
terized of the aluminum family. All are more tough at LOX temperature than 
at room temperature. Because of the above, 5XXX alloys, notably 5083 and 
5456, are widely used for LOX tankage where postweld heat treatment is 
avoided because of difficulty or expense. 

6XXX 

98 to 99 percent 
aluminum, balance 
magnesium and 
silicon 

Cold work plus 
aging at room 
or elevated 
temperature 

Easily forged, excellent cold formability, weldable by GTA or GMA methods. 
Welds must be heat treated to approach the strength of 5XXX weldments. 
Good cryogenic toughness. Used mainly as extrusions, forgings, and small 
weldments such as pipe, pipe fittings, and valve bodies in LOX service. Al- 
loy 6061 is the most documented and widely used of this group. Alloy 6063 
is lower in cost and strength. 

7XXX 

88 to 93 percent 
aluminum, balance 
principally zinc 

Cold work plus 
aging at room 
or elevated 
temperature 

Highest strength of all aluminum alloys. The copper-free X7005, 7039, and 
X7106 are weldable by GTA and GMA methods; all others are not weldable. 
Toughness is generally reduced at cryogenic temperatures. Used in aerospace 
LOX systems as forged and machined components where high strength is es- 
sential and high levels of process control and inspection are possible. Unfavor- 
able lor use as LOX pressure vessels because of low toughness. 

Casting 

alloys 


Age hardenable 

Casting alloys with low alloy content or with silicon or magnesium silicide are 
well suited for LOX applications with no loss in toughness. Alloys C355 (5Si, 

1. 3Cu, 0. 5Mg) or A356 (7Si, 0. 3Mg) are ideal representations of the above. 

The conventional forms of these alloys, 355 and 356, contain more impurity 
and are relegated to conventional casting practice with no guarantee on minimum 
mechanical properties. 


®From information in ref. 6, secs. 32XX and 33XX. 
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Figure 10. - Typical heat treatments for aluminum alloys. 


strain hardened and aged to high strength levels should receive special processes to 
reduce residual stresses. These processes include (1) application of plastic strain prior 
to aging (called stretching), (2) initiation of strain hardening as quickly as possible after 
solution treatment, (3) quench using hot (180° F) water bath or spray, and (4) liquid ni- 
trogen cool after quench followed by a steam spray. These and other special processes 
serve to reduce high residual stresses by localized yielding while the metal is in a duc- 
tile condition (ref. 16, pp. 371 to 381). Removal of high residual stresses reduces the 
threat of failure by stress corrosion or thermal shock. Tempers of aluminum are des- 
ignated in accordance with table A-IV (see appendix). 

Casting. - Aluminum is cast by all known practices. The selection of casting prac- 
tice for oxygen system components should be in accordance with the following criteria: 

(1) Alloys C355 or A356 should be used unless a particular requirement is not satis- 
fied by this selection. These alloys have been highly characterized and widely used in 
the aerospace industry. These alloys are recommended because they posses excellent 
pressure tightness and can be used in a casting process (permanent mold) that produces 
smooth surface finishes. 

(2) Sand and shell mold castings should be avoided in favor of die, investment, or 
permanent mold castings specifically because of the superior surface finish produced 
by the latter. 
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(3) Castings used for oxygen containment purposes should each be proof pressure 
tested with leakage rate included as a condition of acceptance. 

(4) Castings should not be applied where high resistance to fatigue through cyclic 
loading is required. 

Forging. - No restriction is placed on the forging practice; however, the designer 
would do well to design the forging and create controls on the forging process such that 
flow lines are in the direction of the major applied service load. Alloys 2024 and 7075 
should be avoided except where high strength is essential. This is because of the low 
toughness level of these alloys and their strong properties dependency on temperature. 
Where 2024 and/or 7075 must be used, fracture mechanics analyses should be employed 
to determine critical flaw sizes, and 100 percent nondestructive inspection should be 
used that will detect these flaw sizes. Alloys 2219, 5052, and 5456 are preferred in that 
order for forging. Alloy 2014 is used extensively for forgings but its resistance to cor- 
rosion is compromised because of the residual stresses induced by forging (ref. 6, 
sec. 3201). 

Welding. - Alloys 7075 and 7178 caimot be welded. Alloy 2024 is very difficult to 
weld. Most other alloys of aluminum are weldable. All internal weld areas in oxygen 
systems should be dressed smooth and continuous to the parent metal. Weld joints ex- 
posed to the inside of the oxygen system should be designed to facilitate dressing and 
weld surface inspection. Only those weld joint designs should be used that provide for 
full-thickness weld penetration; crevices between welds and parent surfaces in contact 
with oxygen due to lack of penetration can trap contamination. 

Table XI shows several alloys that can be welded by all conventional processes. It 


TABLE XI. - WELDING OF 
ALUMINUM ALLOYS^ 


Alloys 

Weld filler 

A356 

4043 

1060 

1260 

1100 

1110 

2219 

2319 

5052 

5154 

5456 

5556 

6061 

4043 


^From ref. 6, secs. 32XX 


and 33XX. 
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is suggested, however, that only GTA (gas tungsten arc), GMA (gas metal arc), or EB 
(electron beam) processes be used for routine oxygen system welds because (1) the pos- 
sibility of introducing contaminants by the shielding media is minimized, (2) flux resi- 
dues are eliminated, and (3) the soundness and surface smoothness of GTA, GMA, and 
EB welds are generally superior. The GMA and EB welds eliminate the possibility of 
tungsten inclusions. Weld soundness is better with EB and GTA processes. The EB 
welds may produce a sharp radius crown that requires machining off to produce smooth 
surface continuity. Hydrocarbons and water soluble lubricants must be controlled on 
the weld surfaces and the weld filler material as these contaminants are capable of de- 
stroying the favorable mechanical properties of the joint. When a weld overpass is de- 
layed for a period of time, the cleanliness of the general weld area must be maintained. 
In an oily shop atmosphere this problem may require special controls. Those alloys 
exhibiting the highest weldability are 5456, 5052, 5083, 1100, 6061, and 2219, followed 
by C355, A356, 2014, and 2014 (ref. 6, secs. 31XX to 33XX). 

Surface treatments. - The use of anodic films and passivation techniques offer no 
advantage on aluminum surfaces in contact with oxygen and are therefore not recom- 
mended. These surface treatments may, in fact, produce an undesirable effect such as 
rough surfaces or the introduction of less desirable metal oxides in the surface film. A 
bright, shiny, smooth aluminum surface, protected within its own film, is the superior 
surface. Surface treatments on exterior surfaces, however, are required where cor- 
rosive atmospheres are encountered and/or where the alloy of alvuninum is relatively 
sensitive to the effects of corrosion. Zinc chromate primers are impact sensitive with 
oxygen and are therefore prohibited on surfaces in contact with oxygen. Because of the 
possibility of spray contamination, exterior surface protection consisting of zinc chro- 
mate is also prohibited in favor of anodic coatings (ref. 18, p. 71). 


Design and Use Factors 

Thermal conductivity. - Thermal conductivity of metals and alloys is viewed with 
only casual interest in most structural design applications. However, thermal conduc- 
tivity in a structure in an oxygen system becomes a direct measure of the resistance of 
the structure to fire. The structure ignites because sudden energy from some source is 
momentarily supplied to the surface raising it to the ignition temperature. High thermal 
conductivity will lower the surface temperature and will therefore increase the resist- 
ance to ignition. 

The thermal conductivity of aluminum alloys in particular can vary significantly de- 
pending on certain processing and compositional variables as shown herein. It is there- 
fore important to use these variables to produce high thermal conductivity as well as 
meeting other design considerations. 
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Figure 11. - Comparison of thermal conductivity of several aluminum alloys. 
(From information in refs. 19. 20. and 21 (pp. 5 to 32). ) 


Aluminum alloy thermal conductivity decreases with increasing alloy content espe- 
cially at cryogenic temperatures. This is illustrated in figure 11. The most dramatic 
change takes place when small amounts of alloy are introduced into pure aluminum. The 
change becomes very small when the alloy content increases above 7 or 8 percent (see 
fig. 12). Because of this, the designer should favor the IXXX or low alloy content 6XXX 
aluminum alloys where possible. 

Aluminum alloy thermal conductivity decreases as the alloy strength level is raised 
(see fig. 13). The logical reason for this is that the two strengthening mechanisms, cold 
work and precipitation hardening, either increase the number of grain boundaries (grain 
refinement) or add to the thickness of the grain boundary, both acting as barriers to the 
flow of heat. Because of this, the designer should specify that the alloy be strengthened 
no higher than the requirements of the application. 

It is important to note that thermal conductivity does not alone determine the rate of 
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Figure 12. - Thermal conductivity against amount of total alloy con- 
stituant for aluminum alloys (cold worked + aged). (From informa- 
tion in ref. 22, pp. 12 to 27.) 



Tensile strength level, ksi 

Figure 13. - Effect of strength on room temperature thermal conductivity. Alloys of aluminum strengthened 
by cold work and/or aging. (From information in ref. 5, pp. 935 to 958; ref. 6, sections 13XX to 16XX; and 
ref. 23, vol. I, pp. 42, 43, 75, %, 97, 176, 204, 227, 238, and 246.) 


Thermal conductivity, Btu/(hr)(ft)(°R) 


heat transfer into the metal from a surface reaction. It also depends on the metal spe- 
cific heat and density. These properties, however, are not highly dependent on the al- 
loy content or the strength level. A discussion of the combined effect of conductivity, 
specific heat, and density is presented in the concluding section of this report. 

Metallurgical factors. - Pure aluminum has been shown not to ignite in oxygen until 
temperatures of 800° to 1000° C, far in excess of its melting point, are reached. Both 
the melting temperature and the ignition temperature will change as alloying elements 
are added. Noneutectic alloys that are heated through the melting range will undergo a 
"slush" phase wherein both liquid and solid exist simultaneously. The chemical compo- 
sition of the liquid and solid may vary markedly from the composition of the base alloy 
(ref. 9, pp. 101 to 107). Consider the following phase diagram (fig. 14). A metal of 



Figure 14. - Illustration of phase relations and compositions at various 
temperatures. 


alloy content (A) is heated to the solidus temperature Tg and a minute amount of liquid 
is formed. The alloy content of this liquid is not (A) but is (L). Further heating of the 
metal to ^SL produces more liquid but it is now of composition (L)' (ref. 9, pp. 101 
to 107). It is important to recognize that should melting of an aluminum alloy take place 
in an oxygen system, the first liquid to appear will be of substantially different chemical 
composition and therefore the ignition temperature of this first liquid may be distinctly 
different from the base aluminum alloy. Ignition of the first liquid will be a sufficient im- 
petus to promote combustion of the remainder of the alloy. The presence of magnesium, 
for instance, in aluminum in amounts in excess of 20 or 30 percent tends to grossly 
lower the ignition temperature (fig. 15). The first liquid formed from alloy 5456 (5 per- 
cent Mg) will contain approximately 20 percent magnesium (fig. 16). It must be pre- 
sumed that the resistance of an aluminum - 20 percent magnesium alloy to fire will be 
somewhat less than pure aluminum. Conversely, the first liquid obtained from 
aluminum -copper alloys will be enriched in copper (fig. 17) and since copper is very 
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Figure 15. - Solidus line and ignition temperatures for 
aluminum-magnesium alloys. (From information in 
ref. 3, pp. A1 and A2. ) 




Figure 17. - Phase diagram aluminum-copper system. 


reluctant to ignite in oxygen it is presumed that a copper enriched liquid alloy will be 
more resistant to fire than pure aluminum. More aluminum alloy phase diagrams are 
found in reference 24 (pp. 368 to 396). 


NICKEL AND NICKEL ALLOYS 

Nickel and nickel alloys form a group of metals that are, together with copper, the 
most resistant to ignition and combustion in oxygen except for the precious metals plat- 
inum, gold, and silver. Nickel alloys can be developed to high strengths with no signif- 
icant impairment in low-temperature toughness whereas copper cannot. Nickel is char- 
acterized by its low heat of combustion and high thermal conductivity in its pure form 
such that combustion is self-terminating even at high (8000 psi) pure oxygen pressure 
(ref. 4, pp. 32 to 34). Alloying elements raise the heat of combustion (except copper) 
and substantially lower the thermal conductivity such that steady but slow combustion is 
possible. The oxide film that forms on nickel is thin but extremely protective against 
further oxidation, and the surface remains bright and shiny, even in relatively corro- 
sive environments. High temperature, however, will cause the film to break down re- 
sulting in further oxidation. This effects the life of high-temperature components. In- 
spection for and maintenance of high levels of surface cleanliness is facilitated by this 
bright surface. The addition of alloying elements (typically Cu, Cr, or Mo) with nickel 
generally tends to depress the ignition temperature to 100° to 200° C below the melting 
temperature. However, these alloying elements also greatly improve the strength, 
hardness, and creep resistance of the metal, with tensile strengths of the order of 90 to 
100 ksi. Small quantities of titanium and/or aluminum are added to each of the previous 
types of alloys to render them precipitation hardening to tensile strengths of 150 to 
200 ksi. 


Applications in Oxygen Systems - Code Restrictions 

Most of the nickel alloys were originally developed for applications requiring 
strength and oxidation resistance at high temperatures such as jet engine internal com- 
ponents; their use in oxygen systems is a spin-off of the original intent of these develop- 
ments. Nickel and its alloys are now used extensively in aerospace oxygen systems 
where extreme (-300° to 2000° F) temperature changes are regularly encountered such 
as rocket combustion chambers, injectors, and manifolding. Because of high strength 
and fire resistance, the age hardenable nickel alloys are used for lines and tanks in 
supercritical oxygen systems. 
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The high cost of nickel-base alloys generally precludes their use on ground equipment 
except in small amounts. Invar, the exception, is used in short tubular lengths as fire 
breaks in long oxygen transfer lines. Invar has the unique characteristic of almost zero 
thermal expansion (ref. 5, pp. 816 to 819) and is therefore used in situations where 
temperature-induced dimensional change cannot be tolerated. 

Nickel or nickel alloys generally do not undergo a brittle phase transformation in the 
liquid oxygen temperature environment (ref. 12, p. 56); therefore, they are well suited 
for pressure-containment applications in such cases. As temperatures are lowered to 
cryogenic values, the smooth strength and notch strength actually improve while the im- 
pact strength remains constant or goes down just slightly. Certain alloys, namely Has- 
telloy X and those containing cobalt, loose impact strength at cryogenic temperatures and 
are therefore not well suited for LOX pressure containment applications. 

Oxygen systems that are required to meet the ASME Boiler and Pressure Vessel 
Code (ref. 11, pp. 144 to 149) are constrained in the selection of nickel alloys to those 
listed in table XII. None of these alloys are precipitation hardenable and must be oper- 


TABLE XII. - NICKEL ALLOYS RECOGNIZED BY 


ASME BOILER AND PRESSURE VESSEL CODE 


Alloy 

Composition 

Specified mini- 
mum tensile 
strength, 
ksi 

Nickel 

99 percent minimum Ni 

50 to 55 

Monel 400 

70Ni, 30Cu 

70 to 75 

Inconel 600 

78Ni, 15Cr, 7F.e 

80 to 85 

Incoloy 

32Ni, 21Cr, 47Fe 

65 to 75 

Ni-O-Nel 

42Ni, 22Cr, 36Fe 

85 


ated at stresses less than one quarter of ultimate. In applications outside the province 
of the ASME Pressure Vessel Code, precipitation hardenable alloys may readily be used 
provided proof testing combined with nondestructive inspection techniques are imple- 
mented. As with any high strength material, precipitation hardenable nickel alloys are 
less tolerant to flaws than lower strength versions. Critical flaw size calculations using 
fracture mechanics techniques should be made to confirm the suitability of the nonde- 
structive test techniques to be used. 
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Nickel Alloys Suitable for Oxygen Use 


All currently developed and commercially available nickel alloys are suitable for use 
in oxygen systems except where purchase specifications do not exist. References 5 
(pp. 1118 to 1130) and 6 (secs. 41XX and 42XX) list those alloys and applicable specifica- 
tions. A list of alloys with characteristics representative of the entire spectrum is given 
in table XIII. 


TABLE Xni. - DESCRIPTION OF NICKEL ALLOYS® 


Alloy 

Composition, 

percent 

Strengthening 

methods 

Factors affecting use 

Nickel 

99. 4 Ni 

Cold work 

Outstanding resistance to fire; characterized as self-extinguishing in pure 

oxygen to 8000 psi total pressure (ref. 4, pp. 32 and 33). High thermal 

conductivity. Remains ductile at LOX temperature due to retention of face- 
centered-cubic (FCC) crystalline structure. Relatively low strength 
(<40 ksi) compared to other nickel alloys. 

Monel 400 

70Ni, 30Cu 

Cold work 

Outstanding resistance to fire. Fabricated by all conventional methods. 
Develops 140 ksi tensile strength in fully cold worked condition. Ductile 
at LOX temperatures. 

Monel K500 

67Ni, 30Cu, 3A1 

Cold work plus 
age hardening 

Same as Monel 400 except aging due to aluminum content produces strengths 
approaching 200 ksi. High strength causes a small but acceptable loss in 
ductility at LOX temperature and produces a small properties dependency 
on direction of cold reduction. 

Inconel 600 

78Ni, 15Cr, 7Fe 

Cold work 

Fire resistance slightly reduced, conductivity lower, otherwise similar in 
properties to Monel 400. Available in a wide range of wrought shapes. 

Inconel 718 

54Ni, 19Cr, 

17 Fe, 5Cb, 3Mo 
ITi, lAl 

Cold work plus 
age hardening 

Used as manifolds, lines, bellows, injector plates in LOX chemical rocket 
systems. High (>200 ksi) strength in the aged condition is typical while 
retention of toughness at LOX temperatures is acceptably high. Aging re- 
sponse is sluggish permitting welding and high temperature forming with- 
out leaving high residual stresses. 

Inconel X750 

73Ni, 15Cr, 7Fe 
3Ti, ICb, lAl 

Cold work plus 
age hardening 

Similar to Inconel 718. Also used in supercritical oxygen service (tubing, 
valve bodies) in space life-support systems. Welded only in annealed 
condition except where service temperatures below 1000° F exist. 

Hastelloy C 

58Ni, 16Cr, 
16Mo, 5Fe, 4W 

Cold work plus 
age hardening 

Lower strength and higher density than other age-hardenable nickel-base 
alloys. Used where sliding contact exists because of its good wear re- 
sistance. 

Hastelloy X 

48Ni, 22Cr. 
18Fe, 9Mo, 
2Co, IW 

Cold work 

Excellent resistance to oxidation at high temperatures. Becomes de- 
cidedly brittle at LOX temperatures (impact strength, 20 ft-lb) curtailing 
its use in pressure vessel applications. High hardness and wear resist- 
ance allows use where sliding exists. 

Invar 

31 to 53Ni, 
Balance Fe 

Cold work plus 
quench and 
temper 

Used as fire breaks in oxygen lines. Very low coefficient of thermal ex- 
pansion which can actually be altered to zero or negative values by con- 
trols on chemistry and processes. Used where dimensional change due to 
temperature change must be minimized. 


®From information in ref. 6, secs. 41XX and 42XX. 
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Fabrication 


A distinct attribute of nickel alloys (especially the nonage hardenable alloys Inco- 
nel 600 and Monel 400) is that they are readily fabricated using all conventional industrial 
techniques for casting, forging, welding, brazing soft soldering, and machining. These 
techniques are applied with reduced threats that are attendant to certain other metal al- 
loys such as stress corrosion, hot cracking, and carbide precipitation (high temperature 
sensitization). Heat treatment of age or precipitation-hardenable nickel alloys follows 
the same general procedure as with aluminum alloys. Over-heating during solution 
treatment will weaken or detract from the corrosion resistance of the finished product. 
Special considerations for particular alloys are listed in table A-V (see appendix). 

Plating. - Nickel is easily plated on other metal substrates, a practice that can be 
used to improve the fire resistance of less -compatible metal surfaces. Electrolysis 
plating techniques provide the least porosity and access of oxygen to the base metal and are 
therefore recommended. Nickel plating cannot be used to permit an otherwise unaccept- 
able substrate metal in an oxygen system. A complete discussion on nickel plating is 
contained in references 5 (p. 1114) and 25 (pp. 56 to 61). 

Lubrication. - Nickel alloys, especially Hastelloy, are very resistant to sliding 
wear, galling, and seizure. This property makes them ideally suited for items such as 
valve stems, screw leads, shafts, bolts, and nuts. Lubricant should be avoided except 



-300 -150 0 150 350 550 1050 2050 

Temperature, °F 

Figure 18. - Thermal conductivity of nickel and nickel alloys. (From information in 
ref. 5, sections dlXXand 42XX; ref. 23, vol. II, pp. 13, 14, 25, 41, 55, 81, and 
144.) 
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where it has been shown by use to be necessary. Fully fluorinated lubricants subjected 
to batch testing per a specification such as MSFC-SPEC-106B should be used. Holes 
may be threaded directly into nickel alloys without the need for inserts. 


Thermal Conductivity 

The thermal conductivity of nickel is lowered by the addition of alloying elements 
but, unlike aluminum, the amount of cold work or heat treatment has only a small effect. 
Addition of copper (Monel) does not lower the thermal conductivity as much as addition 
of chromium or iron (Inconel, Hastelloy) (see fig. 18). Pure nickel should be favored 
over nickel alloys except where strength or hardness considerations dictate otherwise. 


COPPER AND COPPER ALLOYS 

Copper and copper alloys provide a highly compatible group of metals for use in both 
liquid and gaseous oxygen systems. Pure copper must be forced by a massive donor to 
ignite even in 7500 psi oxygen (ref. 4, pp. 32 to 34). Even then combustion is moderate 
and, more often than not, self-quenching. The effect of alloying elements on the ignition 
of copper is not known but it is presumed that ignition temperatures are lowered by vir- 
tue of the more reactive species present. Furthermore, the high thermal conductivity 
of pure copper is significantly lowered by the addition of alloying elements, causing the 
surface temperature of the alloy to rise more rapidly than that of the pure metal under 
conditions of identical heating. 


Applications in Oxygen Systems 

Copper and its alloys exist as a face-centered-cubic crystalline structure from ab- 
solute zero to several hundred degrees above room temperature providing for outstand- 
ing toughness and notch insensitivity at both liquid and gaseous oxygen temperatures. 
Copper and copper alloys are used in the fabrication of castings, forgings, gaskets, 
screw machine parts, and as low pressure tubing in virtually all phases of oxygen manu- 
facture and use. Copper alloy castings have replaced aluminum alloy castings in certain 
instances, such as LOX centrifugal pump impellers to combat fires initiated by rubbing 
friction and wear. Further applications are limited for two reasons; 

(1) Copper can be readily cold formed only in its unalloyed or annealed state where 
its strength is limited to 10 000 to 20 000 psi limiting its use in such applications as 
pressure vessels and high pressure tubing. 
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(2) Copper is often difficult to weld so the resort is to silver brazing techniques and 
sleeve joints (potential contaminant traps) or inert-gas furnace brazing techniques which 
limit the size of the assembly. 

Morever, copper alloys are no different from any other cold workable metal in that ex- 
posure to the solution temperature such as with brazing, welding, etc. , will destroy 
most of the strength derived from the cold work, resulting in low joint efficiencies 
(ref. 5, pp. 962 and 963). 

Oxygen by itself will not corrode copper, but outdoor exposure will eventually pro- 
duce a characteristic green patina which could if swept away by the working fluid and be- 
come the stimulus for a reaction elsewhere within the oxygen system. It is therefore 
necessary to seal and protect copper-containing oxygen systems from such exposure 
much as with 9 percent nickel steel systems. 

If mild tool rake angles are used, and the material is cold worked to greater than 
half-hard, copper alloys are easily machined and can be readily finished to low surface 
roughness values. Production of a good machine finish on annealed or low strength cop- 
per alloys is difficult. 


Copper Alloys Suitable for Oxygen Use 

Tables A-VI and A-Vn (in the appendix) list the properties and applications of copper 
and copper alloys for use in oxygen systems. 

Zinc contents in excess of 30 percent in copper alloys (brass) should be avoided be- 
cause of the appearance of the relatively brittle beta phase. Brasses are supplied in all 
cold wrought forms and are commonly used in the manufacture of machined hardware 
suitable for LOX or GOX service such as tube fittings and parts for valves. The addi- 
tion of 0. 5 to 3 percent lead improves the machinability. Aluminum, tin, silicon, iron, 
and manganese additions to brass greatly improve the strer^th as a function of the 
amount of cold work and enhance the resistance to corrosion. This is important because 
excessive amounts of cold work in copper alloys will leave high enough residual stresses 
to cause stress corrosion cracking. 

Copper-tin (bronze) alloys are generally cast, some time forged. Aluminum, man- 
ganese, silicon, and nickel are additives that increase the tensile strength. Manganese 
and aluminum bronzes produce high quality castings with tensile strengths of 115 000 psi 
with 20-percent elongation. Lead in these bronzes should not exceed 0. 1 percent because 
of detrimental effect on toughness and strength. Bronzes are used extensively in oxygen 
systems where sliding contact is required such as with gears, bushings, and screw 
leads. Aluminum bronzes have a high fatigue limit, considerably in excess of manga- 
nese bronze or any other copper casting alloy. 
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Phosphor bronzes are copper-tin bearing and gear alloys with between 0. 01 and 1 
percent residual phosphorus which, depending on the amount, imparts high hardness to 
the surface. As with beryllium copper, however, these alloys are relatively brittle. 

Nickel silvers are casting alloys of copper containing 17 to 20 percent zinc and 10 to 
25 percent nickel plus lead and tin. Tensile strengths vary with nickel content up to 
65 000 psi for the 25 percent nickel alloy. Nickel silvers are marked by exceptional cor- 
rosion resistance and notch toughness between cryogenic and room temperatures and (ex- 
cept for strength) approach Monel and Inconel castings in these attributes. Copper-nickel 
alloys (containing 10 or 30 percent nickel, balance copper) are similar in characteristics 
to nickel-silvers except for somewhat reduced strength and better resistance to stress cor- 
rosion cracking. Copper -nickel alloys require full stress relievmg or solution annealing 
prior to exposure to solders or brazes, otherwise brittle alloy phases will appear due to 
migration of the filler metal into the base metal. 


Restrictions on Heat Treatable Copper Alloys 

Certain copper alloys containing small amounts of beryllium, nickel and silicon, 
chromium, zirconium, and nickel and phosphorus are designated as heat treatable. 
These coppers are cold worked and then age hardened to tensile strengths considerably 
higher than brasses or bronzes. The most common and highly characterized of these 
alloys is beryllium copper (97. 85Cu, 1. 90Be, 0. 25Co) which can be worked and aged 
to tensile strengths up to 200 000 psi. Springs, bellows, diaphrams, and bushings are 
commonly fabricated from this material. Care must be taken in use, because the im- 
pact strer^th of this material is uniformly low from -400° to 300° F, approximately six 
times lower than nickel-based alloys (such as Inconel 718) with equivalent strengths 
(ref. 23, vol. n, p. 226). In critical applications where brittle failure could constitute 
a hazard, a material such as aged Inconel X-750 or Monel K500 should be used in lieu of 
aged beryllium copper. 


MISCELLANEOUS METALS 

Several metals, most notably magnesium, titanium, and beryllium are found in 
aerospace structures because of their good strength to density ratio. The ignition and 
combustion of titanium and magnesium in oxygen have been widely studied. 
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Magnesium 


Magnesium can be expected to ignite between 500° and 630° C at low oxygen pres- 
sures, or at 300° C below its melting point of 930° C (ref. 3, pp. 15 and 16). Appar- 
ently the protective oxide film on magnesium loses coherency at this relatively low tem- 
perature. Magnesium is also impact sensitive in LOX. Magnesium is therefore less 
safe than aluminum in oxygen systems and is not recommended for use. 


Titanium 

Titanium (and, to the same extent, zirconium) will resist ignition to near its melt- 
ing temperature of 1940° C if the oxide film is not disturbed; however, sudden removal 
of the oxide film will cause ignition and violent combustion in room temperature and 
350 psi pressure (ref. 3, pp. 6 to 12). The high heat of oxidation compounded by the 
very low thermal conductivity of these metals causes the near -instantaneous generation 
of high temperatures on the fresh surface. Combustion of titanium is not steady but 
marked by random violent explosions, perhaps due to failures caused by large thermal 
gradients due to the low thermal conductivity. These metals, or alloys containing major 
amounts thereof, are not safe in compressed oxygen or LOX systems where there is any 
possibility that the protective oxide film could be removed. Therefore, titanium and 
zirconium are not recommended for use. 


Beryllium 

The ignition temperature of beryllium in oxygen is within approximately 400° C of 
the melting point of beryllium oxide (3000° C), and is higher than the ignition tempera- 
ture of aluminum (ref. 26, p. iv). However, the heat of formation of the oxide is ex- 
tremely high (16 000 cal/g of beryllium compared to 7500 cal/g for aluminum) suggesting 
that a beryllium fire would be more energetic, therefore more hazardous, than any other 
fire involving a common metal of construction. In addition, beryllium metal, its oxides, 
and salts are highly toxic in transient concentrations higher than 25 micrograms per 
cubic meter of atmosphere (ref. 27, p. 76). Concentrations of this order are certainly 
possible in the event of a beryllium fire. For the previous reasons, beryllium should 
not be used in oxygen systems or near oxygen systems where it could be consumed in 
the event of a fire. 
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Gold and Platinum 


The metal gold, and possible platinum, are the only metals where more energy is 
required to form the oxide film than is liberated by oxidation. In other words, these 
metals are not reactive with oxygen at room temperatures and this dissociation tendency 
further increases as temperature increases (ref. 3, p. i). This property allows gold and 
platinum to be used safely in oxygen systems where energy stimuli are high, perhaps 
high enough to ignite metals other than these. Electrical contacts, commutators and 
heater elements are some examples of these applications. The use of these metals as 
platings is perhaps more common than their use in bulk form. It is debatable whether 
plating can be relied upon for fire protection of a less compatible metal. Gold plating 
of electrical contacts will principally provide an oxide-free surface to facilitate electri- 
cal continuity. Loss of this plating will not only expose less compatible substrate metal, 
but will create oxide films, thereby increasing electrical resistance and contact temper- 
ature. If a fire would result with a loss of gold plating, solid gold substrate should be 
favored over gold plating. 


IGNITION AND COMBUSTION OF METALS - RELATIVE COMPARISON 

As with any material, the conditions necessary to enable a metal to ignite and burn 
involve a heat balance. If the rate of heating exceeds the rate of dissipation, the tem- 
perature will rise until either the protective oxide film fails or the metal beneath the 

film vaporizes and moves through the film to the oxygen resulting in combustion. The 

/ 

heat of formation of the oxide film contributes to the heat input and, together with the 
specific heat and thermal conductivity of the metal, influences the rise in temperature 
of the metal. 

The shape, or more specifically the surface to volume ratio, of the metal influences 
the temperature rise due to heating. Sharp points such as burrs, metal particles, or 
powders do not contain much thermal capacity to prevent the generation of high temper- 
atures. In fact, it is possible to divide a metal sample into small enough particles to 
cause combustion in oxygen by sudden exposure only: the heat liberated by surface oxide 
film formation is sufficient in itself. This is why it is important to provide smooth, 
continuous metal surfaces in oxygen systems and to assure that metal particles are not 
generated by operating wear or left in the system from fabrication processes. 

It is of interest to understand how metals are relatively influenced by their proper- 
ties to resist fire in oxygen. This is necessary to lend credence to the information in 
this report and to provide a means for appraisal of metals in oxygen where no prior ex- 
perience exists. Unfortunately, an exact treatment of this subject is impossible because 
of the immense number of influencing factors. Attempts have been made (refs. 28 
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and 29) to calculate the ignition conditions for metals based on these influencing factors, 
but these are currently too theoretical to be of engineering value. A simplified approach 
is provided herein that (1) summarizes various metal ignition temperatures (as measured 
by test), (2) shows the metal properties that influence attainment of this temperature, 
and (3) lists the thermophysical properties of metals that are measures of the energy of 
combustion. Again, please remember that metal-oxygen fire hazards consist of (1) the 
ease with which the metal is ignited and (2) the violence of the fire, once ignited. 

Symbols 




EPS units ^ 

CGS units ^ 

SI units^ 

c 

specific heat 

Btu/(lb)(°F) 

cal/(g)(°C) 

J/(kg)(K) 

E 

heat of oxide formation 

Btu/lb metal 

cal/g metal 

J/kg metal 

^0 

heat flux 

Btu/(ft^)(hr) 

2 

cal/(cm )(sec) 

J/(m^)(sec) 

k 

thermal conductivity 

Btu/(hr)(ft)(°F) 

cal/(sec)(cm)(°C) 

J/(sec)(m)(K) 

Q 

heat of oxide formation 


cal/g mol 

J/kg mol 

s 

allowable working stress 

psi or ksi 


kg/m^ 

T 

surface temperature 

°F 

°C 

K 

T. 

ign 

ignition temperature 

°F 

°C 

K 

t 

time 




P 

density 

Ib/ft^ 

g/cm^ 

kg/m^ 


Influence of Metal Properties and Ignition Temperature 


Relative energy rate to ignite . - Carslaw and Jaeger (ref. 30, p. 56) give the rela- 
tion which describes the surface temperature of a semi-infinite solid subject to a given 
heat flux: 



( 1 ) 


^These units are typically given in the references and are therefore repeated in this 
report. 

O 

These units are used in the original analysis of this report. 
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When rearranging terms it can be seen that 


FqV^ oc (2) 

If the flux Fq exists for a fixed time t (analogous to situations involving different 
metals subject to identical amounts of heating) and the ignition temperature is 

substituted for T, the relative resistance of the metal to ignition will be proportional to 

Tign\^ (3) 

Thus, metals with high values for k, p, and c are more resistant to ignition 

than metals with low values of same. It must be noted that the previous does not con- 
sider the following: 

(1) The physical boundaries of the metal object other than the flat surface receiving 
the heat flux are not considered. This is acceptable if the duration of heating is short or 
the object is massive. If not, three-dimensional, nonsteady heat conduction models 
must be resorted to such as given in reference 31 (pp. 331 to 436). 

(2) The effect of surface (oxidation) reactions prior to ignition are not considered. 

If this precision is desired, techniques such as provided by reference 28 must be im- 
plemented. 

Energy of combustion. - The heat of oxide formation such as is listed in reference 3 
(p. 17) for various metals is also a relative measure of the heat liberated during com- 
bustion of the metal. The heats of formation Q are given in reference 3 in units of 
calories per gram mole of oxide. To convert these to E, the calories per gram of 
metal consumed (by fire) divide Q by the metal atomic weight times the number of 
metal atoms in the oxide molecule. For example, for aluminum, the oxide is AI 2 O 2 , 

Q is 1. 68x10® joules per kilogram -mole, and the atomic weight is 26. 98. Therefore, 
the heat liberated in an aluminum fire E is 

E = 1- 68x10® ^ 2 iixio"^ J/kg metal (4) 

2 X 26.98 

The previous is useful when comparing the potential fire severity of various metals 
comprising an equal weight structure. If various metals comprising an equal volume 
structure are to be compared, the value of E is multiplied by the metal density. For 
aluminum. 
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( 5 ) 


Ep = 3. llxio'^ J/kg metal x 2700 kg/m^ 

= 8. 39x10^° J/ni^ metal 

If various metals comprising an equal strength structure are to be compared (perhaps 

the most realistic comparison), the value Ep is divided by S, the allowable working 

5 2 

stress of the metal. For aluminum (assuming S = 7x10 kg/m ) 

^ = 8. 39X10^^ ^ ^ 20x10^ ^ (6) 

S 7x10^ (kg)(m) 

Thus, low strength metals can liberate more heat in a fire because more metal is neces- 
sary to provide the strength. 

Summary comparison of various metals from the standpoints mentioned previously. - 
Table XIV lists the thermal and physical properties for several metals. Aluminum, 
steel, copper, and nickel are commonly used in oxygen systems and are discussed in 
this report. The metals magnesium, titanium, and silver are also included in this table 
for illustrative purposes. In the table, densities and specific heats are centervalues, 
and thermal conductivities are ranges based on the ranges of common alloy compositions 
and operating temperatures. Magnesium is known to ignite quite easily and burn quite 
energetically in oxygen. Titanium is a recognized ignition hazard in oxygen (see Mis- 
cellaneous Metals section). Conversely, silver is recognized as being superior in its 
resistance to fire in oxygen (ref. 4, p. 33), but it is too expensive for routine component 
fabrication. Figures 19 to 22 show the results of the previous calculations for the seven 
metals listed in table XIV. The following is apparent from examination of these figures: 

(1) Figure 19: Aluminum is more difficult to ignite than steel. Copper and nickel 
are very difficult to ignite. Titanium is very easy to ignite. Silver is extremely diffi- 
cult to ignite. 

(2) Figures 20 to 22: Aluminum, magnesium, and titanium burn very energetically. 
Steel, copper, and nickel burn less energetically than aluminum. Silver burns the least 
energetically. 
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TABLE XIV. - SUMMARY OF THERMAL AND PHYSICAL PROPERTIES FOR SEVERAL METALS 


Metal 

Heat of 
oxide for- 
mation, 

Q, 

J/kg mol 

Metal 

atomic 

weight 

Number of 
metal atoms 
in oxide 
molecule 

Density, 

kg/m^ 

Specific 

heat, 

c, 

J/(kg)(K) 

Thermal con- 
ductivity range, 
k, 

J/(sec)(m)(K) 

Minimum ob- 
served ignition 
temperature, 

T. 

ign’ 

K 

Allowable work- 
ing stress range, 

s, 

kg/m^ 

Aluminum 

les-oxio”^ 

26. 98 

2 

2.70X10^ 

938 

104 to 243 

920 

0. 14 to 1.0X10® 

Steel 

26.6 

55. 85 

1 

7. 87 

503 

12 to 42 

1200 

.70 to 1. 8 

Copper 

17. 5 

63. 54 

2 

8.96 

385 

104 to 390 

1350 

.21 to 1. 5 

Nickel 

24.0 

58. 69 

1 

8.90 

469 

17 to 67 

1720 

.56 to 2.0 

Magnesium 

60.2 

24.32 

1 

1.74 

1026 

71 to 109 

880 

.21 to 0. 7 

Titanium 

94. 5 

47.90 

1 

4. 50 

578 

4 to 17 

1100 

. 56 to 1. 1 

Silver 

3.01 

107. 90 

2 

10.49 

234 

209 to 419 

could not ignite 

. 42 to 0. 7 


4 ^ 



Figure 19. - Relative resistance to ignition. 



Figure 21. - Potential fire severity for equal volume 
(comparison of components of equal volume but 
made of different metals). 
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severe 


Figure 20. - Potential fire severity for equal weight (comparison of compo- 
nents of equal weight but made of different materials). 



Figure 22. - Potential fire severity for equal strength (comparison of 
components of equal strength but made of different materials). 


APPENDIX - TABLES OF SPECIFICATIONS, USES, AND SPECIAL CONSIDERATIONS 
FOR METALS AND ALLOYS IN OXYGEN SYSTEMS 


TABLE A-I. - CORRELATION OF SPECIFICATIONS FOR STAINLESS STEELS® 


Wrought alloys 

Cast alloys 

AISl 

SAE 

ASTM 

SAE 

ACI 

ASTM 

Martensitic 

403 

51403 

Plate, sheet, strip: A176 









Bars, billets: A276 




410 

414 

51410 

51414 

Plate, sheet, strip: A176, A240 
Bars, billets: A276 
Pipe, tube: A268 
Bars, billets: A276 

60410 

CA-15 

A296 




416, 

51416, 

Bars, billets: A276 

60420 

CA-40 


416Se 

420 

51416Se 

51420 

Bars, billets: A276 


431 

51431 

Bars, billets: A276 





A296 

440A, 


Bars, billets: A276 




440B, 






440C 






Ferritic 

405 

51405 

Plate, sheet, strip: A240 



A351 



430, 

51430, 

Bars, billets: A276 
Pipe, tube; A268 
Plate, sheet, strip: A176, A240 





430F, 

51430F, 

Bars, billets: A276 




430SeF 

51430SeF 

Pipe, tube: A268 




442 

51442 

Plate, sheet, strip: A176 

60442 

CB-30 

A296 



Bars, billets: A276 






Pipe, tube: A268 




446 

51446 

Plate, sheet, strip: A176 

70446 

HC 

A297 



Bars, billets: A276 
Pipe, tube: A268 




Austenitic 

301 

30301 

Plate, sheet, strip: A167, A264 (clad) 





CF-20 

A296 

302 

30302 

Plate, sheet, strip: A167, A240, 


302B 

30302B 

A264 (clad) 

Bars, billets: A276, A314 
Plate, sheet, strip: A167 

HF 

A297 


303, 

30303, 

Bars, billets: A276, A314 
Bars, billets: A276, A314 

CF-16F 

A296 


303Se 

30303Se 

Nuts, bolts: A194, A320 




304, 

30304, 

Plate, sheet, strip: A167, A177, 

60304, 

CF-8, 

A296, 

304L 

305 

30304L 

30305 

A240, A264 

Bars, billets: A276, A314 
Pipe, tube: A213, A249, A269, A270, 
A271, A3 12, A358, A376 
Nuts, bolts: A193, A194, A320 
Forgings, fittings: A182, A336 
Plate, sheet, strip: A240 

60304L 

CF-3 

A351 






Bars, billets: A314 
Pipe, tube: A249 





®From information in ref. 7, p. 6. 
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TABLE A-1. - Concluded. CORRELATION OF SPECIFICATIONS FOR STAINLESS STEELS® i 


Wrought alloys 

Cast alloys 

AISI 

SAE 

ASTM 

SAE 

ACI 

ASTM 

Austenitic 

308 

30308 

Plate, sheet, strip: A167, A264 











Bars, billets: A276, A314 
Welding electrodes: A298 





309, 

30309, 

Plate, sheet, strip: A167, A240, 

A264 

60309, 

CH-20, 

A296, 

309S 

30309S 

Bars, billets; A276, A314 


70309 

HH 

A297 



Pipe, tube: A249, A312, A358 
Welding electrodes; A298 




A351 

310, 

30310, 

Plate, sheet, strip: A167, A240, 

A264 

60310, 

CK-20, 

A296, 

310S 

303 lOS 

Bars, billets: A276, A314 


70310 

HK 

A297 

314 

30314 

Pipe, tube: A213, A249, A312, 
Forgings, fittings: A182, A336 
Welding electrodes; A298 
Bars, billets: A3 14 

A3 58 



A351 





316, 

30316, 

Plate, sheet, strip; A167, A240, 

A264 

60316, 

CF-3M, 

A296 

316L 

303 16 L 

Bars, billets: A276, A314 


60316L 

CF-8M, 

A351 



Pipe, tube: A213, A249, A269, 
A312, A358, A376 
Nuts, bolts: A193 
Forgings, fittings: A182, 336 
Welding electrodes; A298 



CF-12M 


317 

321 

30317 

30321 

Plate, sheet, strip: A240 
Bars, billets: A314 
Pipe, tube; A249, A269, A312 
Welding electrodes: A298 
Plate, sheet, strip: A167, A240, 

A264 

60317 

CG-8M 

A296 






Bars, biUets: A276, A314 
Pipe, tube: A213, A249, A269, 
A312, A358, A376 
Nuts, bolts: A193, A194, A320 
Forgings, fittings: A182, A336 

A271, 




347 

30347 

Plate, sheet, strip: A167, A240, 

A264 

60347 

CF-8C 

A296, 



Bars, billets: A276, A314 




A351 

348 

30348 

Pipe, tube: A213, A249, A269, 
A298, A358, A376 
Nuts, bolts: A193, A194, A320 
Forgings, fittings: A182, A336 
Welding electrodes: A298 
Plate, sheet, strip; A240 

A271, 










Bars, billets: A276, A3 14 







Pipe, tube: A213, A249, A269, 







A358, A376 







Nuts, bolts: A320 






®From Information in ref. 7, p. 6. 
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TABLE A-II. - SPECIAL CONSIDERATIONS FOR STAINLESS STEEL ALLOYS® 

(a) FeA steels 

steel 

Special considerations 

■Types 301, 302; 
Fe 

18 Cr 

8 N1 

The effect of cold work on the properties of these steels, particularly of type 301, depends to a consid- 
erable extent on the content of nickel, carbon, and possibly other elements, as well as on not well recog- 
nized processing conditions, such as speed and temperature of rolling. Materials can be obtained for spe- 
cial requirements to closer composition on limits than those listed in specifications in order to secure 
higher uniformity in properties or performance on fabrication. 

Cold rolled sheet in these alloys exhibits a very pronounced directionality. While the tensile strength 
and tensile yield strengths are nearly the same in both directions, the compressive yield strength and 
compressive stress strain curves are much higher in the transverse than in the longitudinal direction. 

This condition is only partly improved by stress relief. 

Small amount of cold work during straightening and handling can raise considerably the low yield 
strength of annealed material. Heating for long times at 800® F and short times at 1600® F or slow cool- 
ing through this range must be avoided. Carburizing conditions at high temperature reduce corrosion re- 
sistance. Adherir^ zinc and lead particles which lead to embrittlement at elevated temperatures must be 
removed prior to heating. 

Types 304, 304L: 
Fe 

Low C 

19 Cr 

10 Ni 

Intergranular corrosion after welding or heating may occur in type 304, but usually not in type 304L. 

19-9 DL 8, 19-9 DX: 
Fe 

20 Cr 

10 Ni 

1. 5 Mo 

1. 5 W 

Alloy is susceptible to stress cracking after forming unless stress relieved or annealed. Heat at temper- 
atures in the vicinity of 1100® to 1200® F sensitizes the alloy (i. e. , develops susceptibility to intergranular 
attack). 

Alloy may crack after cold work or welding unless annealed or stress relieved. 

Types 310, 310S: 
Fe 

24 Cr 

20 Ni 

Intergranular carbide precipitation can occur after prolonged heating in the range between 800® and 
1600® F, on slow cooling through this range. The tendency to carbide precipitation will be reduced by 
lowering the carbon content (as in 310S) and this grade is preferred for welding or when the service condi- 
tion could promote carbide precipitation. Sigma formation can occur during prolonged heating in the tem- 
perature range between 1200® and 1800® F. The tendency to form sigma will be increased by cold work. 
The amount of sigma formed in this alloy is much less than in silicon containing grades such as 312. 

The alloy is free from LOX temperature strain induced phase changes which can produce embrittlement 
in the lower nickel grades (e. g. , 301 and 302). The crack propagation resistance at cryogenic tempera- 
tures is excellent in longitudinal direction even for heavily cold worked material. However, such material 
is characterized by a pronounced mechanical anisotropy and the crack propagation resistance is consider- 
ably lower in the transverse than in the longitudinal direction. 

Type 314: 

Fe 

25 Cr 

20 Ni 

2 Si 

Prolonged exposure at 1200® to 1600® F may cause embrittlement through carbide precipitation and 
sigma phase formation. Ductility may be restored by annealing at 1900® to 1950® F for 10 to 60 minutes. 
This treatment is recommended after a 1000-hour exposure at 1400® to 1600® F. 

Types 316, 317: 
Fe 

18 Cr 

13 Ni 

Mo 

Prolonged heating at temperatures from 800® to 1600® F may result in embrittlement and stress corro- 
sion sensitivity. Because of its reduced stress corrosion sensitivity, type 316L is recommended when 
heavy cross sections cannot be annealed after welding or where low temperature stress relieving is de- 
sired. 

Type 321; 

Fe 

18 Cr 

10 Ni 

+ Ti 

Heatif^ above 1900® F followed by heating about 1200® F may sensitize this steel. 

Use type 347 welding wire for shielded-metal-arc welding type 321 to prevent loss of stabilization. 
Cold work greatly reduces the deep ductility at 1100® and 1200® F, particularly if grain size is less 
than 5. Annealing is recommended to restore the ductility. 


^From information in ref. 6, secs. 13XX to 16XX 


45 


TABLE A-Il. - Continued. SPECIAL CONSIDERATIONS FOR STAINLESS STEEL ALLOYS^ 


(b) FeM steels 


Steel 

Special considerations 

Types 403, 410, 416; 

Avoid temperating at 550° to 1050° F because of reduced resistance to stress corrosion and increased 



notch sensitivity. 

Low 

c 

Corrosion resistance of type 410 castings may not be satisfactory for many applications. Casting qual- 

12 

Cr 

ity should be evaluated by penetrant inspection rather than by magnetic inspection, because of inconsistency 
of the latter method. Type 416 castings are primarily used for small parts at temperatures up to 1000° F. 
Corrosion resistance is lower than that of type 410 castii^s but machinability is belter. The proper chem- 
ical balance is necessary in types 403 and 410 to ensure against the formation of free or delta ferrite which 
can affect the mechanical properties, especially hardness and toughness. The hardness decreases with an 
increase in the free ferrite content while the toughness as measured by impact strength increases for lon- 
gitudinal tests but decreases for transverse tests. These effects on impact strength are due to the me- 
chanical fibering associated with the presence of free ferrite and their magnitude will depend on both the 
amount of ferrite present and the degree of work in the structure. 

Type 420; 

Fe 

See also type 410. Stress corrosion may occur if the steel is exposed at 700° to 800° F. It should not be 
used for heavily stressed parts that will operate at subzero temperatures. 

Med 

c 


13 

Cr 


Type 422; 


See type 420. 

12 

Cr 


1 

1 

Mo 

W 


0. 8 

Ni 


0.25 

V 


Type 431; 

Fe 

The composition of this steel is such that difficulties are sometimes encountered in obtaining the expected 
mechanical properties. The high chromium content tends to keep the structure ferritic during austenitizing. 

0. 2 

c 

This tendency is overcome by the addition of nickel which tends to promote austenite formation. However, 

16 

Cr 

the composition limits are rather broad, and significant variations in response to heat treatment and me- 

2 

Ni 

chanical properties can be expected within the normal ranges of chemistry. If the chromium is high and 
the nickel low, the quenched steel may contain ferrite and not develop full strength. If the chromium is 
low and the nickel high, retained austenite may be a problem and subcooUng after quenching will be required. 
In such cases It is recommended to refrigerate rather than water quench to avoid potential cracking. Car- 
bon contents on the high side tend to increase tensile strength but lower the corrosion resistance. Castings 
are available in more than one range of carbon contents. Stress relief or tempering in the range between 
700° to 1100° F is not recommended since embrittlement in this range may be encountered. 



Hydrogen embrittlement may be a problem with this steel at high hardness and strength levels. 

Type 440A, B, and C; 

Cracking may occur on heating, cooling, pickling or after welding. 


Fe 

Steels are particularly subject to decarburization because of high carbon content. 

High 

C 


17 

Cr 


0.5 

Mo 


USS-12 MoV; 

See types 410 and 420. This material is susceptible to stress-corrosion cracking when stressed and si- 


Fe 

multaneously exposed to some corrosive environment. 

12 

Cr 


1 

Mo 


0.65 

Ni 


0.3 

V 



®From information in, ref. 6, secs. 13XX to 16XX. 


46 


TABLE A-II. - Continued. SPECIAL CONSIDERATIONS FOR STAINLESS STEEL ALLOYS' 



(c) FeAH steels 

Shell 

Special considerations 

17-4 PH; 

Fe 

17 Cr 

4 Ni 

4 Cu 

No special precautions are necessary for this alloy except the need for cleanliness as for any stainless 
steel. The alloy also has a wide allowance in compositional range. 

17-7 PH: 

Fe 

17 Cr 

7 Ni 

1 A1 

The crack propagation resistance as measured by the sharp notch strength exhibits a pronounced mini- 
mum at aging temperature between 900° and 1050° F. This is the region of aging temperature producing 
the highest strength and having the greatest commercial interest. Very high toughness at considerable 
sacrifice in strength can be obtained by over-aging at temperatures of 1100° F and above. The impact 
strength of all heat treated conditions of this alloy decrease at subzero temperatures. At a given low test 
temperature the impact strength increases with aging temperature but at cryogenic temperatures only the 

overaged relatively low strength conditions exhibit a useful degree of toughness. Poor crack propagation 

1 

resistance at subzero temperatures is indicated by K. values ranging from about 40 to 50 ksi-in. ' 
at -50° F. 

The room temperature tensile strength of the heat treated conditions increases with exposure to tem- 
peratures between about 600° to 900° F. Tensile tests at elevated temperatures show the same effects of 
exposure. It might be expected that this increase in strength would be accompanied by a decrease in 
crack propagation resistance. Such an embrittling effect is noted for PH14-8MO. 

The crack propagation resistance is lower in the transverse than in the longitudinal direction. Cold 
work following heat treatment to condition A and subsequent to aging can produce large reductions in ten- 
sile properties as compared with those that would be obtained in the absence of the cold work. Dimensional 
changes during heat treatment require special consideration. There is a volume contraction on hardening. 

PH15-7MO: 

Fe 

15 Cr 

7 Ni 

2. 5 Mo 

Alloy is available in numerous forms, but the primary usage is in the sheet and strip form. In common 
with the general class of precipitation hardening stainless steels, this alloy is unstable during exposure to 
temperatures exceeding about 500° F. This instability is reflected in an increase in the yield strength and 
a decrease in fracture toughness. The transverse direction has lower toughness than the longitudinal di- 
rection. 

Dimensional changes during heat treating to conditions TH 1050 or RH 950 need consideration and special 
provisions must be made for machining and tooling. Thorough cleaning prior to thermal treatments is rec- 
ommended in order to avoid carburization and to minimize difficulties when descaling. 

AM 350: 

Fe 

17 Cr 

4 Ni 

3 Mo 

Heating to temperature above those specified for condition H should be avoided because of excessive delta 
ferrite formation and loss of response to hardening. 

Annealing of heavy bar and forging to condition H may result in loss of response to heat treating. 

Forging of heavy sections should be finished at about 1750° F to ensure adequate response to heat treating. 

CRT (cold-rolled, tempered condition alloy) has optimum stress corrosion resistance. SCT (subcooled, 
tempered condition alloy) requires either a minimum of 10 percent delta ferrite or a 1000° F temper for 
optimum stress corrosion resistance. 

AM 355: 

Fe 

15.5 Cr 

4. 5 Ni 

3 Mo 

Heating to temperatures above those specified for condition H (anneal) should be avoided because of 
grain coarsening and less of response to hardening. AM 355, when hardened by the carbide solution subzero 
treatment, has stress corrosion resistance superior to that of AM 350 in the SCT (850) condition and com- 
parable to that of AM 350 in the SCT (1000) condition. 

PH14-8MO: 

Fe 

14 Cr 

8 Ni 

2. 5 Mo 

A1 

When PH14-8MO is fabricated in condition A (anneal), and subsequently heat treated, an allowance should 
be made for the dimensional change (an overall expansion of approximately 0. 004 in. /in. ) that occurs dur- 
ing heat treatment. Thorough cleaning prior to thermal treatments is recommended in order to avoid car- 
burization and to minimize difficulties when descalir^. 

This alloy exhibits a metallurgical instability which is manifest as an increase in the tensile yield strength 
and decrease in the static crack propagation resistance when cracked or sharply notched specimens are ex- 
posed for long periods of time at moderately elevated temperatures and then tested at the exposure temper- 
ature or at a lower temperature. These instability effects are not reduced by vacuum melting and appear to 
be larger the higher the strength level of the material. There is insufficient data to establish the time- 
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TABLE A-II. Continued. SPECIAL CONSIDERATIONS FOR STAINLESS STEEL ALLOYS® 



(c) Continued. FeAH steels 

steel 

Special considerations 

AF 71: 

Fe 

18 Mn 

12 Cr 

3 Mo 

+ V 

+ B 

temperature relation for the effect of the instability on the mechanical properties; however, it would ap- 
pear that exposure at temperatures below about 400° F produces negligible embrittlement. In general, the 
longitudinal direction of sheet has a higher toughness than the transverse direction. However, this direc- 
tionality is reduced by vacuum melting. The alloy has poor fracture toughness below about -200° F and 
should not be used at cryogenic temperatures. 

The high quenching temperature of 2050° F has been considered by some consumers to be objectionable 
in the processing of material in thin gages because of the excessive thickness loss incurred in scaling and 
pickling. To avoid such losses expensive heat treating equipment (vacuum furnaces or controlled- 
atmosphere furnaces) are required. 

PH13-8MO: 

Fe 

13 Cr 

8 Ni 

2 Mo 

The fracture toughness of this alloy is good in heavy sections at room temperature and above but de- 
creases rapidly at temperatures below about 0° F. Heavy sections appear to exhibit negligible direction- 
ality of tensile properties. Insufficient data are available to define the directionality of fracture toughness; 
however, limited information indicates that it is probably small. In common with other alloys of this 
class the impact strength and presumably the fracture toughness decrease as a result of long time exposure 
to moderately elevated temperature. It should be noted that nearly all information available for this chap- 
ter relates to the double vacuum melted product. Lower toughness and greater directionality can be ex- 
pected of air-melted material. 

AFC 77: 

Fe 

0. 15 C 

14. 5 Cr 

13. 5 Co 

5 Mo 

0. 5 V 

0.05 Ng 

This alloy is subject to a severe embrittlement when tempered above about 700° F. The tempering tem- 
perature range over which this embrittlement occurs is much more extensive than in other FeM stainless 
steels and extends to nearly 1400° F. No substantial recovery in the embrittlement is noted for 1200° F 
tempering even though this temperature is well beyond the secondary hardening peak. Cold rolling pre- 
ceding tempering in the brittle range can substantially increase the strength but also increases the embrit- 
tlement. The alloy is not stable during elevated temperature exposure and long time exposures to moder- 
ately elevated temperatures can substantially increase the embrittlement. As might be expected, the low 
temperature crack and notch strength are very poor for conditions tempered in the brittle range. 

If tempering is confined to temperatures below about 700° F, the yield strength is below about 170 ksi 
and the room temperature fracture toughness is high. No valid values of are available for these tem- 

pered conditions. It would be expected that the low tempered conditions would not be stable during elevated 
temperature exposure, and that a time temperature dependent embrittlement would develop. 

AM 362: 

Fe 

15 Cr 

7 Ni 

Ti 

This alloy like the conventional 12Cr steels is subject to an embrittlement when held for loi^ times at 
temperatures between 700° and 1000° F. This is also reflected in low impact strength for tempering 
temperatures below about 1000° F. The toughness of the alloy is strongly influenced by the titanium con- 
tent and decreases with increasing titanium. 

15-5 PH: 

Fe 

15 Cr 

5 Ni 

4 Cu 

Precipitation-hardening stainless steel alloys are used in many applications requiring large and medium 
size sections. In many cases, loading transverse to the fiber is involved. It has been demonstrated that 
certain structural characteristics, particularly delta ferrite and some precipitates, cause substantial re- 
ductions in transverse ductility, and presumably fracture toughness, for many of these alloys. For com- 
positions in which delta ferrite is present, vacuum remelting does not improve this situation. 

15-5 PH is a delta ferrite-free compositional modificalion of 17-4 PH alloy containing less chromium and 
slightly higher nickel. Its short-transverse ductility at edge and intermediate locations is superior to 
17-4 PH in heavy sections. However, in products made from air-cast ingots of 15-5 PH, the shqrt trans- 
verse ductility at the center location may be lower than at edge or intermediate locations. This nonuni- 
formity of ductility is evidently the result of gross segregation which may be reduced by vacuum remelting. 
Martensitic and precipitation-hardening stainless steels are subject to an embrittling reaction when heated 
between about 500° to 900° F. This is evidenced by an increase in yield strength and a reduction in the 
resistance to crack propagation. Its magnitude depends on a number of factors including the exposure time, 
composition, and previous treatment. 
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TABLE A-II. - Concluded. SPECIAL CONSIDERATIONS FOR STAINLESS STEEL ALLOYS' 


(c) Concluded. FeAH steels 



Steel 

Special considerations 

N-155: 


Insufficient data are available to quantitatively define the effects of these variables for any of the com- 
mercial steels subject to this embrittlement. However, on the basis of the information available for the 
PH steels, it would be expected that long time exposures at temperatures in the lower portion of the em- 
brittling range would produce the maximum embrittling effects. 

It has been reported that the embrittling is associated with the formation of a copper-rich alpha prime 
ferrite phase and that the following factors are important in establishing its magnitude: 

1. Increased amounts of chromium, silicon and columbium increase the rate of embrittlement at 800° F. 
When silicon and columbium are low, chromium becomes the sole controlling factor, except that the 
nickel content as related to the chromium influences the result (Cr-Ni balance influences the martensite 
reaction). The highest nickel content which can be used at a given level of chromium without inhibiting 
martensite transformation is best from the standpoint of embrittlement. 

2. The embrittlement is completely reversible by reapplying the initial precipitation hardening temper- 
ature, if that temperature is 1025° F or higher. 

3. Lowering the solution-treating temperature, at least down to 1650° F, slightly lessens the tendency 
toward embrittlement at 800° F. 

Consumers have sometimes complained that the composition limits of precipitation-hardenable semi- 
austenitic steels are too wide to permit uniform response to heat treatment. The impact strength of 
17-4 PH type precipitation-hardening stainless steel both before and after exposure at 800° F are af- 
fected by variations in chemistry within the recommended composition range. It would be expected that 
15-5 PH would be similarly affected. For many applications, 15-5 PH should not be used in condition A. 
This is true even though the desired hardness may fall within the range of condition A. While the alloy 
is relatively soft in condition A, the structure is untempered martensite that has low ductility and poor 
resistance to stress corrosion cracking. 

Unless stress relieved, hot cold-worked forgings may warp during machining. 


Fe 


20 

Co 


20 

Cr 


20 

Ni 


3 

Mo 


2.5 

W 


1 

Cb 


S-590; 


Avoid large grain forgings. 

20 

Fe 

Co 


20 

Cr 


20 

. Ni 


4 

Cb 


4 

Mo 


4 

W 


16-25-6: 


Avoid heatit^ alloy to high temperatures in stagnant oxidizing atmosphere, because of molybdenum re- 


Fe 

actions. 

25 

Ni 


16 

Cr 


6 

Mo 


Incoloy: 


At 1600° F the scaling resistance of Incoloy is comparable to that of the high nickel alloys such as 


Fe 

Inconel and Nimonic 75. 

34 

Ni 


20 

Cr 


Incoloy alloy 802: 

This alloy is not recommended for use at temperatures above 1700° F. Dispersion reactions in the 


Fe 

temperature range between about 1200° and 1600° F reduce the tensile elongations and impact strei^th. 

0.35 

c 


33 

Ni 


21 

Cr 


0. 75 

Ti 


0. 60 

A1 
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TABLE A-III - SPECIFICATIONS AND FORMS FOR WROUGHT 

ALUMINUM ALLOYS* 


Com< 

m#rclal 

D«tl9- 

notion 

Shoot and 
Plato 

Drown 

Tub* 

Plpo* 

and 

Koond 

Soomloit 

Extrwdod 

Twbo 

Woldod 

Tub* 

Extrudod 
Dor« Rod. 
Shop**, 
ond Tub^ 

Ror, Rod, 
Wiro, and 
Shopoi 
Rolled or 
Orown^ 
Sproy WIro 

•roxint 

or 

Wolding 

Rod 

and 

Eioctrodo 

Rivot* 

and 

RIvot 

Wiro 

Porflngt 

ond 

Forging 

Stock 

1100 

QO-A.250/1 
AMS 4001 
AMS 4003 
ASTM 8209 
USA H38.2 

WW.T.700/1 
AMS 4062 
ASTM 8307 
ASTM 8210 
USA H38.3 

ASTM B24I 
USA H38.7 

ASTM 83 1 3 
USA H38.il 

ASTM 8221 
USA H38.5 

QQ.A-225/1 
MIL-W.6712 
AMS 4102 
AMS 4 1 80 
ASTM 8211 
USA H36.4 

OQ-R-566 
Mll-E-15597 
MIL.E. 16053 
ASTM 8285 
ASTM 8164 

MR.R.5674 
QQ.A.430 
AMS 7220 
ASTM 8316 
USA H38.12 

ASTM 8247 
USA H38.8 

1230 










2011 






QO-A.225/3 
ASTM 8211 
USA H36.4 




20U 

AMS 4028 
AMS 4029 
AMS 4014 
ASTM 8209 
USA H38.2 

ASTM 8210 
USA H38.3 

ASTM8241 
USA H38.7 


QQ-A-200/2 
AMS 4153 
ASTM 8221 
USA H38.5 

QQ.A-225/4 
AMS 4121 
ASTM 8211 
USA H38.4 



OQ.A.367 
AMS 4134 
AMS 4135 
ASTM 8247 
MIL-A.22771 
USA H38.8 

Alclad 

20U 

OO-A-250/3 
ASTM 8209 
USA H38.2 









2017 






QQ.A.225/5 
AMS 4110 
AMS 4116 
ASTM 82 1 1 
USA H36.4 


MIL-R.5674 
QQ.A.430 
ASTM 8316 
USA H38.1 


2024 

AMS 4033 
AMS 4035 
AMS 4037 
AMS 4097 
AMS 4098 
AMS 4099 
AMS 4103 
AMS 4104 
AMS 4105 
AMS 4106 
QQ-A.250/4 
ASTM 8209 
USA H38.2 

WW-T.700/3 
AMS 4087 
AMS 4086 
AMS 4086b 
ASTM 8210 
USA H38.3 

ASTM 8241 
USA H38.7 


QQ-A.200/3 
AMS 4152 
AMS 4164 
AMS 4165 
ASTM 8221 
USA H38.5 

QQ-A.225/6 
AMS 4112 
AMS 4119 
AMS 4120 
ASTM 8211 
USA H38.4 


MIL.R.5674 
OQ-A-430 
ASTM 8316 
AMS 7223 
USA H38.12 


Alclad 

2024 

QQ.A.250/5 
AMS 4034 
AMS 4040 
AMS 4041 
AMS 4042 
AMS 4060 
AMS 4061 
AMS 4072 
AMS 4073 
AMS 4074 
AMS 4075 
ASTM 8209 
USA H38.2 









2117 








USA H36.12 

MlL-R-27384 

MIL.R.5674 

Mll-R.8814 

AMS 7222 

ASTM 8316 

QQ-A-430 


2219 

MIL-A-6920 
ASTM 8209 
USA H38.2 
AMS 4031 


ASTM 8241 
USA H38.7 


ASTM 8221 
USA H38.5 

ASTM 8211 
USA H38.4 



ASTM 8247 
QQ-A-367 
AMS 4143 
AMS 4144 
USA H38.8 

Alclad 

2219 

ASTM 8209 
USA H38.2 









3003 

QQ.A.250/2 
AMS 4006 
AMS 4008 
ASTM 8209 
USA H38.2 

WW-T-700/2 
AMS 4065 
AMS 4067 
ASTM 8210 
ASTM 8234 
ASTM 8307 
USA H38.9 
USA H36.6 
USA H38.3 

ASTM B241« 
ASTM 8345* 
MIL-P-25995 
USA H36.7 
USA H38.I3 

ASTM 8313 
USA H36.il 

QQ-A-200/1 
ASTM 8221 
USA H38.5 

QO-A. 225/2 
ASTM 8211 
USA H38.4 

MIL-E- 15597 

MIL-RO150 

QQ-A-430 

ASTM 8247 
USA H38.8 


♦From information in ref. 17, pp. 162 to 164. 
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TABLE A-III - Concluded. SPECIFICATIONS AND FORMS FOR WROUGHT 

ALUMINUM ALLOYS* 


Com* 

mofclol 

Ootip* 

notion 

Shoot ond 
Plot* 

Drown 

Twb* 

Pip** 

end 

Round 

S*«mU«i 

Extruded 

Twb* 

Woldod 

Tub* 

Extruded 
8or, Red, 
Shop**, 
ond Tub** 

8or, Red, 
Wire, ond 

Shape* 
Reded or 
Drown' 
Sproy Wire 

Rroxing 

or 

Welding 

Red 

ond 

Electrode 

Rivet* 

end 

Rivet 

Wire 

Forging* 

end 

Forging 

Stock 

5457 

ASTM 8209 
USA H38.2 









5557 

ASTM 8209 
USA H3S.3 









5657 

ASTM 8209 
USA H38.2 









6061 

QO-A.250/n 
AMS 4025 
AMS 4026 
AMS 4027 
ASTM 8209 
USA H38.3 

WW.T-700/6 
AMS 4079 
AMS 4080 
AMS 408|h 
MlL.T*7081b 

AMS 4082 
AMS 4083b 
ASTM 8210 

ASTM B234 
USA H38.3 

USA H38.6 

ASTM 8241* 
ASTM 8345* 
Mll-P-25995 
USA H38.7 
USA H38.I3 
ASTM 8429 

ASTM 8313 
USA H38.11 

QOA-200/8 
AMS 4150 
AMS 4160 
AMS 4161 
ASTM 8221 
USA H38.5 

QO-A.335/8 
ASTM 8211 
AMS 4115 
AMS 4)16 
AMS4117 
USA H38.4 


OQ-A-430 
ASTM 8316 

USA H38.12 
Mit-R*) )50 

OQ.A-367 
AMS 4127 
AMS 4146 
ASTM 8247 
USA H38.8 
MII-A-22771 

Alciod 

6061 

AMS 4020 
aMS 4021 
AMS 4022 
AMS 4023 
ASTM 8209 
USA H38.2 









6063 


ASTM 8210 
USA H38.3 

ASTM 8241* 
ASTM 8345* 
MIL-P-25995 
USA H38.7 
USA H38.13 


QQ-A.200/9 
AMS 4156 
ASTM 822) 
USA H38.5 





6151 









QQ.A367 
AMS 4125 
ASTM 8247 
USA K38.8 

6262 


ASTM 83)0 
USA H38.3 



ASTM 832) 
USA H38.5 

OQ-A.225/10 
ASTM 8211 
USA H38.4 




6463 





ASTM 8221 
USA H38.5 





6951 










7039 

ASTM 8209 
USA H38.2 









7072 










7075 

QQ.A-350/13 
AMS 4038 
AMS 4044 
AMS 4045 
AMS 4078 
ASTM 8309 
USA H38.2 

ASTM 8210 
USA H38.3 

ASTM 8241 
USA H38.7 


USA H38.5 
OO.A.200/11 
AMS 4154 
AMS 4167 
AMS 4168 
AMS 4169 
ASTM 8231 

QOA.225/9 
AMS 4133 
AMS 4123 
AMS 4134 
ASTM 8211 
USA H38.4 


ASTM 8316 
OO-A-430 
USA H38.12 

OQ.A-367 
AMS 4139 
AMS 4)41 
ASTM 8247 
MlL-A-22771 
USA H38.8 

Alciod 

7075 

OQ*A*350/13 
AMS 4039 
AMS 4048 
AMS 4049 
AMS 40476 
ASTM 8209 
USA H38.2 









7079 

QQA-250/17 
AMS 4024 
ASTM 8209 
USA H38.2 


ASTM 8341 
USA H38.7 


QO*A*200. 12 
AMS 4171 
ASTM 8221 
USA H38.5 




OQ.A-367 
MILA 22771 
AMS 4138 
AMS 4136 
ASTM 8247 
USA H38.8 

7178 

OOA.250/U 
ASTM 8209 
USA H38.2 


ASTM 824) 
USA H38.7 


AMS 4)58 
OQ.A-200/13 
ASTM 8221 
USA H38.5 



M>lR-24243 


No. 11 
Rroxinp 
$b**t 










No. 12 










No. 31 










No. 22 










No. 23 










No. 24 











Pip* fnod* br ony pfoc«si. 
Tvb* Hydrevlic. 

In<lwd*t Strvctwrel Shop*i. 
Plot* ond Sh«*l Roll top*r*d. 


*From information in ref. 17, 


pp. 162 to 164. 


TABLE A-III - Continued. SPECIFICATIONS AND FORMS FOR WROUGHT 

ALUMINUM ALLOYS* 


Com- 

morclal 

Doaig- 

notion 

Shoot and 
Ploto 

Drawn 

Tvbo 

Pip** 

and 

Round 

S*aml*i« 

Extrvdod 

Tub* 

W*ld*d 

Tub* 

Extrud*d 
Bar, Rod, 
Shap*«, 
and Tub*'* 

Bor, Rod, 
Wir*. ond 
Shopea 
^oll*d or 
Drown*' 
Spray Wir* 

Brazing 

or 

Welding 

Rod 

and 

Electrode 

RiveU 

and 

Rivet 

Wir* 

Forginga 

and 

Forging 

Stock 

Alclod 

3003 

ASTM 8209 
USA H38.2 

ASTM 8210 
ASTM 8234 
ASTM 8307 
USA H38.3 
USA H36.6 
USA H38.9 

ASTM 8241 
ASTM 8345* 
USA H38.7 
USA H38.13 


ASTM 8221 
USA H38.5 





3004 

ASTM 8209 
USA H38.2 

ASTM 8210 
ASTM 8307 
USA H38.3 
USA H38.9 


ASTM 8313 
USA H38.11 

ASTM 8221 
USA H3 8.5 





Alclod 

3004 

ASTM 8209 
USA H38.2 



ASTM 8313 
USA H38.1 1 






4032 









OQ.A.367 
AMS 4 145 
ASTM 8247 
USA H38.8 

4043 






MIL-W.6712 
(Sproy Cun 
Wir*) 

QO-B-655 
QO-R.566 
MlL-E-15597 
MIL-E-16053 
AMS 4190 
ASTM 8184 
ASTM 8260 
ASTM 8285 



4343 







QO-B-655 

MIL-B-20146 



5005 

ASTM B209 
USA H38.2 

ASTM 8307 
USA H38.9 




ASTM 8396 

(Eloetricol 

Wir*) 


QQ-A-430 


5050 

ASTM B209 
USA H38.2 

ASTM 8210 
ASTM 8307 
USA H38.3 
USA H38.9 

ASTM 8345* 

ASTM 8313 
USA H38.1 1 






5052 

OQ.A-250/8 
AMS 4015 
AMS 4016 
AMS 4017 
ASTM B209 
USA H3B.2 

WW-T-700/4 
AMS 4069 
AMS 4070 
AMS 4071 
ASTM 8210 
ASTM 8307 
ASTM 8234 
USA H38.3 
USA H38.13 

ASTM 8345* 
USA H38.13 

ASTM 8313 
USA H38.il 

ASTM 8221 
USA H36.5 

QQ.A-225/7 
AMS 4114 
ASTM 821 1 
USA H38.4 


QO-A-430 
ASTM 8316 
USA H38.12 
MIL-R'24243 


5083 

QO.A-250/6 
ASTM 8209 
AMS 4056 
AMS 4057 
AMS 4058 
AMS 4059 
USA H36.2 

ASTM 8210 
USA H38.3 

ASTM 8241* 
ASTM 8345* 
USA H38.7 
USA H38.13 


OO-A-200/4 
ASTM 8221 
USA H38.5 




ASTM 8247 
QO-A-367 
USA H38.8 

5086 

OO-A.250/7 
ASTM 8209 
USA H38.2 

WW.T.700/5 
ASTM 8210 
USA H38.3 

ASTM 8241* 
ASTM 8345* 
USA H38.7 
USA H38.13 

ASTM 8313 
USA H38.1 1 

OQ-A-200/5 
ASTM 8221 
USA H38.5 





5154 

AMS 401 8 
AMS 4019 
ASTM 8209 
USA H38.2 

ASTM 8210 
USA H38.3 

ASTM 8345* 
ASTM 8241* 
MIL-P-25995 
USA H38.13 
USA H38.7 

ASTM 8313 
USA H38.11 

ASTM 8221 
USA H38.5 

ASTM 8211 
USA H38.4 

MlL-E-16053 
ASTM 8285 
QQ-R-566 



5252 

ASTM 8209 
USA H38.2 









5454 

OO.A-250/10 
ASTM 8209 
USA H38.2 

ASTM 8234 
USA H38.6 

ASTM 8241* 
MIL-P-25995 
USA H38.7 


OQ.A-200/6 
ASTM 8221 
USA H38.5 





5456 

QO.A-250/9 
ASTM 8209 
USA H38.2 


MIL-P-25995 
ASTM 8241* 
ASTM 8345* 
USA H38.7 
USA H38.n 


QO.A-200/7 
ASTM 8221 
USA H38.5 




ASTM 8247 
USA H38.8 


*From information in ref. 17, pp. 162 to 164. 


52 


As shown in table A-IV, the standard temper designation system for aluminum and 
aluminum alloys, both wrought and cast, consists of a letter indicating the basic temper 
which, except for the annealed and as-fabricated tempers, is more specifically defined 
by adding one or more digits. The four main basic tempers are as follows: O, annealed; 
F, as -fabricated; H, strain hardened; and T, heat treated. The symbol W is used to 
designate the unstable condition following solution heat treatment, and if time subsequent 
to heat treatment is indicated, it may be considered a basic temper. It is a principle of 
this system that a change in a temper designation is made only when some variation in 
the same basic operation significantly alters the characteristics of the product. 


TABLE A-IV. - TEMPER DESIGNATION SYSTEM FOR ALUMINUM ALLOYS^ 


Designation 

Description 

F As-fabricated 

Designation applies to products supplied in the condition resulting from normal 
manufacturing operations, without special practices to control the amount of 
strain or thermal treatment. For wrought products, (here is no guarantee of 
mechanical properties. For castings, the term means as-cast. An example 
of 43-F. 

H Strain hardened 

Designation applies to those wrought products that are not subjected to ther- 
mal treatments to increase their mechanical properties but that have their 
strength increased by strain hardening, with or without supplementary ther- 
mal treatment to produce partial softening. The H is always followed by two 
or more digits. First digit indicates the specific combination of basic opera- 
tions and the following digit or digits the final degree of strain hardening. (The 
digital system is explained subsequently. ) 

HI Strain hardened only 

As indicated previously, the second digit designates the amount of cold work 
performed. The digit 8 has been selected to represent the hardest commer- 
cially practical temper, written as H18. Material with tensile strength half- 
way between soft and full hard, half hard, is designated H14; quarter hard, 
H12; and so on. 

A third digit is often used to identify a special set of properties. For exam- 
ple, H141 may represent the same minimum properties as H14, but with 
maximum values that are closer than standard. The third digit may also de- 
note values slightly different from those of H14, but not sufficiently different 
to place it in the H13 or H15 classification. 

Extra hard tempers are designated by using the second digit 9, with or with- 
out a third digit. The H112 temper for wrought alloys is generally considered 
a "controlled" F-temper with guaranteed mechanical properties. 

H2 Strain hardened and 

partial annealed 

It is often desirable to obtain a certain strength range in the strain hardened 
alloys by working to a harder temper and then reducing the strength to the de- 
sired level by partial annealing. This process is identified by the number 2 
in the first digit place, and the residual amount of cold work is then designated 
by the same method employed for the HI series. Thus, H28 is full hard, 

H24 half hard, and so on. For alloys that age soften at room temperature, 
the H2 tempers have approximately the same tensile strength as the corre- 
sponding H3 tempers. For other alloys, the H2 tempers have approxi- 
mately the same tensile strength as the corresponding HI tempers and slightly 
higher elongations. 

H3 Strain hardened and 

(hen stabilized 

The properties of magnesium-containing alloys in the strain hardened condi- 
tion are stabilized by a low-temperature hearing, thus slightly lowering their 
strength and increasing their ductility. If the treatment is not employed, then 
the change of properties occurs over a long time at room temperature. Use of 
this treatment is indicated by the digit 3 following the H, and the degree of 
strain hardening Is indicated in the usual way by one or two following digits. 

0 Annealed, recrys- 

tallized 

Designation applies to the softest temper of wrought alloy products. 

^Information from ref. 5, pp. 

888 and 889. 
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TABLE A-IV. - Concluded. TEMPER DESIGNATION SYSTEM FOR ALUMINUM ALLOYS^ 


Designation 

Description 

T Treated to produce 

stable tempers 
other than F, O, 
or H 

Designation applies to products thermally treated to produce stable tempers 
with or without supplementary strain hardening. The T followed by the nu- 
merals 2 to 9 inclusive, designates one specific combination of basic oper- 
tions, thus 6061-T6. Should variation of the same basic operation be applied 
to the same alloy, resulting in different characteristics, other digits are 
added to the basic designation (6061-T61 or 6061-T62). It should be under- 
stood that a period of natural aging at room temperature may occur between 
or after the operations listed. Control of this period is exercised when it is 
metallurgically important, but it is not indicated by the designation. Basic 
subdivisions of the T-temper, ranging from annealing to complex aging treat- 
ments, are now given. 

T2 Annealed (cast prod- 

ucts only) 

Designation applies to castings only. Annealing is used for such purposes 
as improving ductility and increasing dimensional stability. 

T3 Solution heat treated 

and cold worked, 
naturally aged to 
substantially stable 
condition 

Designation applies to those wrought products that are cold worked for the 
primary purpose of Improving the strength (for instance, 2024-T36) and also 
applies to those products in which the effect of cold work, such as flattening 
or straightening, is recognized in applicable specifications (flat sheet of 2024 
heat treated by the supplies is designated 2024-T3). No control is exercised to 
cold work at any particular stage during the natural aging cycle. 

T4 Solution heat treated 

and naturally aged 
to a substantially 
stable condition 

Designation applies when the product is not cold worked after heat treatment 
(2024 sheet heat treated by the user becomes 2024-T4), and also when appli- 
cable specifications do not recognize the effect of cold work resulting from 
flattening and straightening operations (6061 flat sheet heat treated by the sup- 
plier is designed 6061-T4). The alloy 7075 does not have a commercial T4 
designation. (An example for a casting alloy is 195-T4. ) 

T5 Artificially aged only 

Designation applied to products that are artificially aged without prior solu- 
tion heat treatment. The artificial aging of these products improves mechanical 
properties (6063-T5 extrusions) and dimensional stability (D132-T4 castings). 

T6 Solution heat treated 

and then artifici- 
ally aged 

Designation applies to products that are not cold worked after solution heat 
treatment or in which the effect, if any, of flattening or straightening is not 
recognized inapplicable specifications. Whether flattened or not, 6061 heat 
treated and aged is designated 6061-T6, and 7075 treated in the same manner 
is 7075-T6. Casting alloy example, 356-T6. 

T7 Solution heat treated 

and then stabilized 

Designation applies to products in which the temperature and time conditions 
for stabilizing are such that the alloy is carried beyond the point of maximum 
hardness, providing control of growth or residual stress, or both (2018-T71, 
4032-T72, 355-T71). 

T8 Solution heat treated, 

cold worked, then 
artificially aged 

Designation applies when the cold working is done for the purpose of improv- 
ing strength (2011-T8, Alclad 2024-T86), and also when the cold working effect 
of flattening or straightening is recognized in applicable specifications (Alclad 
2024-T81 flat sheet). 

T9 Solution heat treated, 

artificially aged, 
then cold worked 

Wire of 6061 heat treated, artificially aged, and then cold worked 6061-T91. 

W Unstable condition fol- 

lowing solution heat 
treatment 

Designation, because of natural aging, is specific only when the period of 
aging is indicated - for example, 2024-W (1/2 hr), 7075-W (2 months). 

“information from ref. 5, pp. 

888 and 889. 



TABLE A-V. - SPECIAL CONSIDERATIONS FOR NICKEL ALLOYS^ 

Nickel alloy 

Special considerations 

Inconel alloy 600: 
Ni 

15 Cr 

7 Fe 

Contact with sulfur-containing atmospheres at elevated temperatures should be avoided. 

Inconel alloy 702: 
Ni 

15 Cr 

3 A1 

0. 5 Ti 

Contact with sulfur-containing atmospheres at elevated temperatures should be avoided. 

Inconel alloy 722: 
Ni 

15 Cr 

7 Fe 

2. 5 Ti 

0. 7 A1 

Solution treating of this alloy at high temperatures (2100° F) should be avoided because 
subsequent small deformations reduce the high temperature properties. Slow heating of 
welded parts may result in cracking. 

Inconel alloy 718: 
Ni 

19 Cr 

17 Fe 

5 Cb 

3 Mo 

0.8 Ti 

0.6 A1 

Outstanding weld characteristics are due largely to slow response to aging, which 
keeps restraints to a minimum and avoids buildup of welding stresses. Material is out- 
standing over a wide range of temperatures in fatigue and fatigue crack propagation; 
hence, it is useful in applications involving large temperature changes, especially if sub- 
zero temperature are involved (e. g. , rocket motor parts and supersonic aircraft parts). 
Because of iron content (which contributes to the outstanding weld characteristics) 
strength at high temperatures is lower than other nickel base superalloys; hence, its 
usefulness is restricted to a lower maximum temperature than other nickel base super- 
alloys. Elevated temperature notch sensitivity of the alloy under creep conditions, 
while not completely understood, is related to the thermal and mechanical history. 

High finish forging temperature contributes to notch embrittlement. To avoid embrittle- 
ment one producer, the Special Metals Corporation speaking of Udimet 718, recommends 
that the forging be started at 2050° F (max. ) and finished at approximately 1750° F. The 
last 30 percent of reduction should be below 1900° F, preferably below 1850° F. They 
recommend a maximum solution temperature of 1750° F. They also believe that notch 
embrittlement can best be evaluated at 1200° F, 100 ksi rather than the more commonly 
used condition 1300° F, 75 ksi for evaluating notch embrittlement due to thermomechan- 
ical history. 

Inconel alloy X-750: 
Ni 

15 Cr 

7 Fe 

25 Ti 

1 Cb 

0.7 A1 

Avoid heating in sulfur containing atmospheres. Dimensional changes on aging require 
attention. 


^From information in ref. 6, secs. 41XX and 42XX. 


55 


TABLE A-V. - Continued. SPECIAL CONSIDERATIONS FOR NICKEL ALLOYS® 


Nickel alloy 

Special considerations 

Monel alloy K-500: 
Ni 

29 Cu 

3 A1 

0. 5 Ti 

Welding of this alloy requires special considerations to avoid degradation of soundness 
and mechanical properties in the weld area. Alloy may be welded by the oxyacetylene, 
inert gas tungsten arc, or metallic arc processes, using proper filler rods. Oxyacety- 
lene flame should be kept strongly reducing, and the heated end of the tiller rod should 
be kept in the protective atmosphere of the flame to avoid oxidizing the rod. Number 
44 K-Monel gas welding wire should be used with a paste flux. For metallic arc weld- 
ing, number 34 K-Monel rod should be used in a shielded arc. Welding should be per- 
formed on annealed material and the welded assembly stress relieved before aging. 

The welded assembly should be taken through the age hardening range as quickly as 
possible. 

Incoloy alloy 901: 
Ni 

35 Fe 

13 Cr 

6 Mo 

2. 5 Ti 

Heating in sulfur-containing atmospheres should be avoided. Forgings in this alloy 
exhibit a pronounced directionality. 

713 LC 

Ni 

12 Cr 

6 A1 

4. 5 Mo 

2 Cb 

0. 7 Ti 

The developments of steep thermal gradients in large components such as turbine 
wheels during cooling from casting or heat treatment at high temperature (2150° F) 
can introduce extremely high residual stresses which must either be eliminated or 
allowed for in selection of service stresses. The simplest method of reducing these 
stresses during heat treatment is by reducing cooling rates combined with methods of 
minimizing section size temperature difference by padding with insulating material. 

Hastelloy C: 
Ni 

16 Cr 

16 Mo 

5 Fe 

4 W 

This alloy is very sensative to overheating on solution treating. Both its strength 
and its corrosion resistance may be impared when heated to 2285° F or higher. 

TD Nickel 

Ni 

2 ThOg 

The radiation levels experienced during handling and during fabrication of the alloy 
are well below the AEG established tolerances. 

Although the special merit of the alloy is reflected by its retention of strength at high 
temperatures for long service periods, it must be protected from oxidation by suitable 
coating or cladding. Because the alloy achieves a major component of strength from the 
cold work induced during processing, its strength is very sensitive to test direction. 
Caution should be exercised in use to insure that the principal loads are supported by 
material oriented in the major working direction. 

Directionality of strength is reflected in shear strengths measured in direction of 
principal deformation. Care should be exercised to avoid introduction of shear loads 
in weak directions. Joining by welding or other processes involving high temperature, 
especially in the presence of foreign elements or alloys, can seriously degrade long- 
time properties even if short-time tensile strengths are retained. 


®From information in ref. 6, secs. 41XX and 42XX. 
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TABLE A-V. - Continued. SPECIAL CONSIDERATIONS FOR NICKEL ALLOYS^ 


Nickel alloy 

Special considerations 

713C: 

Ni 

13 Cr 

6 A1 

4 Mo 

2 Cb 

0.7 Ti 

Control of cleanliness and properties is inadequate for air castings. 

Although alloy is not intended for welding, improved weldability can be obtained by 
maintaining low aluminum content. Improved high temperature properties, thermal 
shock, and impact resistance can be achieved by directional solidification. Material 
prepared from pre-alloy powders has improved tensile strength properties up to about 
1400° F, and superplasticity properties above approximately 1900° F, thus rendering 
the forming properties very easy at this temperature or above. Heat treatment after 
forming can remove superplasticity characteristics at high temperature while retain- 
ing a strength advantage over the cast form up to 1400° F, and only minor loss in 
strength above this temperature. 

Rene 41: 

Ni 

19 Cr 

11 Co 

10 Mo 

3 Ti 

1. 5 A1 

A major problem in the use of this alloy has been the occurrence of cracking during 
the heat treatment of welded parts. Recent developments have, however, provided 
major directions toward the solution of this problem. Two basic approaches have been 
developed. One is the overaging treatment prior to welding followed by standard heat 
treatment after welding; the other is solution treating prior to welding with controlled 
cooling after solution treatment. Weld patch tests have also been developed to identify 
heats that have high susceptibility to weld cracking. 

Recent studies on sheet have indicated that under certain conditions the alloy may be- 
come highly notch sensitive in creep rupture tests. The reason for this behavior is not 
completely understood. 

TD NiCr: 

Ni 

18 Cr 

2 ThOg 

Considerable scatter characterizes the reported strength values for TD NiCr sheet and 
foil at both room and elevated temperature. The producer's specified properties for 
thermomechanically processed sheet are at the lower end of the scatter band at room 
temperature and near the midpoint at elevated temperatures. It is likely that the speci- 
fied minimum properties will change with the further development of the alloy. 

Processing conditions producing high strength at elevated temperatures result in low 
values of tensile elongation for sheet and low reduction in area values for bar. At 
2200° F, creep rupture specimens of thermomechanically processed materials exhibit 
essentially zero elongation. Mild notch tests on sheet with an unspecified processing 
history exhibited notch weakening at 2200° F. The significance of these low values of 
ductility on the fracture toughness should be determined by suitable tests using specimens 
containing fatigue cracks. Material which has been cold worked or thermomechanically 
processed to obtain high strength at elevated temperatures exhibits considerable direc- 
tionality with the transverse direction being of lower strength in tensile and creep rupture 
tests. 

TD NiCr is slightly radioactive due to the Th02 content. It is an alpha emitter and re- 
quires precautions be taken if dust is generated by dry grinding. 

Inconel alloy 700: 
Ni 

30 Co 

15 Cr 

3 A1 

3 Mo 

2 Ti 

Contact with sulfur containing atmospheres at elevated temperatures should be avoided. 
Overheating and lack of lubrication during forging will cause cracks and checks. 


From information in ref. 6, secs. 41XX and 42XX 
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TABLE A-V. - Continued. SPECIAL CONSIDERATIONS FOR NICKEL ALLOYS^ 


Nickel alloy 

Special considerations 

Waspaloy: 

Ni 

20 Cr 

14 Co 

4 Mo 

3 Ti 

1 A1 

Solution treating in an oxidizing atmosphere may result in intergranular oxidation. 

There is limited information available which indicates that the alloy may become em- 
brittled upon long time exposure to stress in an oxidizing atmosphere. 

Sharp notch embrittlement in creep has been observed at temperatures of 1000° and 
1200° F for both solution treated and aged and cold rolled and aged sheet. These are 
insufficient data to establish the time-temperature dependence of this embrittlement. 
However, the effects appear to be larger at 1200° F than 1000° F for the solution treated 
and aged sheet. The cold rolled and aged material exhibits considerable notch embrittle- 
ment at both test temperatures at rupture times between 10 and 1000 hours, with the 
transverse direction being considerably more notch sensitive than the longitudinal direc- 
tion. Sharp notch brittleness is also observed for cold rolled and aged sheet following 
an exposure to 650° or 1000° F at 40 ksi for 1000 hours. The effect is considerably 
larger at 1000° F than at 650° F. Similar exposure conditions produce no embrittlement 
for solution treated and aged sheet. 

Mar-M-200: 

Ni 

12. 5 W 

10 Co 

9 Cr 

5 A1 

2 Ti 

1 Cb 

+ B 

+ Zr 

Freckles have been observed in directionally solidified polycrystalline and monocrystal- 
line materials. It has been determined that such freckles are linear assemblies of small 
random equiaxed grains which are enriched in all but the inversely segregated solute 
species. Excessive interdendritic porosity and feeding shrinkage are observed in the vi- 
cinity of a freckle line. Freckling tendency varies with solidification and alloy composi- 
tion. Freckles degrade physical properties, and must be avoided. 

The PWA 1422 alloy containing 2 percent hafnium provides increased transverse ductility 
and creep rupture strength in thin sections. A minimum in elongation characterizes the 
test temperature range between 1400° and 1600° F. 

IN- 100; 

Ni 

15 Co 

9. 5 Cr 

5.5 A1 
5 Ti 

3 Mo 

0.95 V 
0.015 B 

Because of the low chromium content, as well as the presence of vanadium, oxidation 
resistance is not adequate at the high temperatures where the strength of the alloy assumes 
special advantage. The problem is usually overcome by the use of aluminum or aluminum- 
base coatings. Many of these are proprietary, and the compositions as well as heat 
treatments are not revealed. Information provided by the coating produces shows beneficial 
effects of coatings as protection against oxidation and sulfidation and improvement of ther- 
mal shock resistance. These benefits are apparently obtained without impairing the tensile 
and creep properties at high temperature. The high hardener content of the alloy make it 
particularly prone to the precipitation of embrittling phases, such as sigma, upon pro- 
longed exposure to high temperature, especially if stress is simultaneously applied. Spec- 
ial compositions, low in titanium content, have been found advantageous for avoiding such 
embrittlement. The International Nickel Company, original developer of IN- 100, has de- 
veloped a modification designated as IN-73 IX, and the General Electric Company has de- 
veloped Rene 100 for this purpose. Both use the Pha Comp techniques, wherein electron 
vacancy of the remaining matrix after the major hardening precipitates have formed is 
used as a basis for the determination of whether sigma will form. Every heat requires a 
separate computation to determine sigma-proneness because of the large variations per- 
mitted in the chemistry of individual heats; however, in general, the revised composition 
limits with lower titanium contents are usually sigma-free within the specified limits of 
the other elements. The tendency toward sigma-proneness was first reported to be a 


^From information in ref. 6, secs. 41XX and 42XX 


58 


TABLE A-V. - Concluded. SPECIAL CONSIDERATIONS FOR NICKEL ALLOYS® 


Nickel alloy 

Special considerations 

Udimet 700: 
Ni 

18 Co 

15 Cr 

5 Mo 

4. 5 A1 

3. 5 Ti 

0.03 B 

result of exposure to high temperatures for long times, especially at stress. It was also 
shown that sigma formed at 1650° F could be solutioned at 1900° to 2000° F, in 2 to 4 
hours and that a 2000° F, 2-hour heat treatment delayed sigma formation. This heat 
treatment was observed to delay sigma formation whether applied to an as-cast bar or 
whether applied to a bar previously exposed to 1650° F containing sigma. This obser- 
vation points to the possibility of beneficial effects of heat treatment, in contrast to the 
normally used as-cast structure. It also points to the possibility of removing creep 
damage by reheat treatment for this alloy. 

Special note should be made of recent developments to avoid sigma phase formation 
using the Pha Comp procedure and of modifications in composition and heat treatment 
resulting in optimization of properties. 


®From information in ref. 6, secs. 41XX and 42XX 
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TABLE A-VI. - PROPERTIES AND APPLICATIONS OF COPPER AND COPPER ALLOYS* 


Alloy name 

Number 

Nominal 

composi- 

tion, 

percent 

Fabricating characteristics 

Typical applications 

Oxygen-free copper 

102 

99.95 Cu 

Excellent hot and cold workability; good forgeability. Fabri- 
cated by coining, coppersmithing, drawing and upsetting, 
hot forging and pressing, spinning swaging, stamping. 

Gaskets 

Electrolytic tough pitch copper 

110 

99.90 CU 
0.04 0 

Fabricating characteristics same as alloy 102. 

Gaskets 

Silver-bearing tough pitch copper 

113, 114. 116 

99.90 Cu 
0.04 0 
Ag(e) 

Fabricating characteristics same as alloy 102. 

Gaskets, chemical process 
equipment 

Phosphorus deoxidized copper, 
high residual phosphorus 

122 

99.90 Cu 
0.02 P 

Fabricating characteristics same as alloy 102. 

Lines; plumbing pipe and 
tubing, condenser tubing, 
evaporator, and heat ex- 
changer tubing 

Beryllium copper 

172 

j 

99.5CU 
1.9 Be 
0.20 Co 

Excellent hot workability. Commonly fabricated by blanking, 
drawing, forming, and bending, turning, drilling, tapping. 

Bellows, bourdon tubing, 
diaphragms, fuse clips, 
fasteners, lock washers, 
springs, switch parts, roll 
pins, valves, welding equi-- 
equipment 

Gilding 95 percent 

210 

95.0 Cu 
5.0 Zn 

Excellent cold workability, good hot workability for blank- 
ing, coining, drawing, piercing and punching, shearing, 
spinning, squeezing and swaging, stamping. 

Screws, rivets 

Commercial bronze, 50 percent 

220 

90.0 Cu 

10.0 Zn 

Fabricating characteristics same as alloy 210 plus head- 
ing and upsetting, roll threading and knurling, hot forg- 
ing and pressing. 

Screws, rivets 

Red brass, 85 percent 

230 

85.0 Cu 

Fabricating characteristics same as alloy 210. 

Condenser and heat exchanger 
tubing, plumbing pipe 

Low brass, 80 percent 

240 

80.0 Cu 

20.0 Zn 

Excellent cold workability. Fabrication characteristics 
same as alloy 210. 

Bellows, pump lines, flexible 
hose 

Cartridge brass, 70 percent 

260 

70.0 Cu 
30. 0 Zn 

Excellent cold workability. Fabricating characteristics 
same as alloy 240, except for coining, roll threading and 
knurling. 

Radiator cores and tanks, fas- 
teners, hinges, plumbing ac- 
cessories, pins, rivets 

Yellow brass 

268, 270 

65.0 Cu 

Excellent cold workability. Fabricating characteristics same 
as alloy 240. 

Same as alloy 260 

Muntz metal 

280 

60.0 Cu 

40.0 Zn 

Excellent hot formability and forgeability for blanking, form- 
ing and bending, hot forging and pressing, hot heading and 
upsetting, shearing. 

Architectural, large nuts and 
bolts, brazing rod, conden- 
ser plates, condenser, evap- 
orator and heat exchanger 
tubing, hot forgings 

Leaded commercial bronze 

314 

89.0CU 
1.75 Pb 
9.25 Zn 

Excellent machinability. 

Screws, machine parts 

Low-leaded brass tube 

330 

66.0 Cu 
0.5 Pb 
33. 5 Zn 

Combines good machinability and excellent cold workability. 
Fabricated by forming and bending, machining, piercing 
and punching. 

Pump and power cylinders 
and liners 

High-leaded brass tube 

332 

66.0 Cu 
1.6 Pb 
32.4 Zn 

Excellent machinability. Fabricated by piercing, punching, 
and machining. 

General purpose screw ma- 
chine parts 

Low-leaded brass 

335 

65.0 Cu 
0.5 Pb 
34. 5 Zn 

Similar to alloy 332. Commonly fabricated by blanking, 
drawing, machining, piercing and punching, and stanipittg. 

Butts, hinges 

Medium-leaded brass 

340 

65.0 Cu 
1.0 Pb 
34. 0 Zn 

Similar to alloy 332. Fabricated by blanking, heading and 
upsetting, machining, piercing and punching, roll thread- 
ing and knurling. stam]}ing. 

Bulls, gears, nuts, rivets, 
screws 


^From ref. 1 , pp. 26 and 27. 
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TABLE A-Vl. - Continued. PROPERTIES AND APPLICATIONS OF COPPER AND COPPER ALLOYS* 


Alloy najue 

Number 

Nominal 

composi- 

tion, 

percent 

Fabricating characteristics 

Typical applications 

High-leaded brass 

342, 353 

65.0 Cu 
2.0 Pb 

33. 0 Zn 

Fabricating characteristics same as alloy 340. 

Clock plates and nuts, gears, 
wheels and channel plate 

Extra-high-leaded brass 

356 

63. 0 Cu 
2. 5 Pb 
34. 5 Zn 

Excellent machinabllity. Fabricated by blanking, machining, 
piercing and punchii^, stamping. 

Same as alloys 342 and 353 

Free-cutting brass 

360 

61. 5Cu 
3.0 Pb 
35. 5 Zn 

Excellent machinabllity. Fabricated by machining, roll 
threading and knurling. 

Gears, pinions, automatic high 
speed screw machine parts 

Leaded muntz metal 

365 to 368 

60. 0 Cu 
0.6 Pb 
39. 4 Zn 

Combines good machinabllity with excellent hot formability. 

Condenser tube plates 

Free-cutting muntz metal 

370 

60. 0 Cu 
1.0 Pb 
39.0 Zn 

Fabricating characteristics similar to alloys 365 to 368. 

Automatic screw machine parts 

Forging brass 

377 

59. 0 Cu 
2.0 Pb 

39.0 Zn 

Excellent hot workability. Fabricated by heading and up- 
setting, hot forging and pressing, hot heading and upsetting, 
machining. 

Forgings and pressings of all 
kinds 

Inhibited admiralty 

443 , 444 , 445 

71.0 Cu 

28.0 Zn 
1.0 Sn 

Excellent cold workability for forming and bending. 

Condenser, evaporator and heat 
exchanger tubing, condenser 
tubing plates, distiller tubii^, 
ferrules. 

Naval brass 

464 to 467 

60. 0 Cu 
39.25 Zn 
0. 75 Sn 

Excellent hot workability and hot forgeability. Fabricated by 
blanking, drawing, bending, heading and upsetting, hot 
forging, pressing. 

Aircraft turnbuckle barrels, 
balls, bolts, nuts, rivets, 
valve stems, condenser plates, 
welding rod 

Leaded naval 

485 

60. 0 Cu 
1. 75 Pb 
37. 5 Zn 
0. 75 Sn 

Combines excellent hot forgeability and machinability. Fab- 
ricated by hot forging and pressing, machining. 

Marine hardware, screw machine 
parts, valve stems 

Phosphor bronze, 1. 25- 
percent E 

505 

98.75 Cu 
1. 25 Sn 
Trace P 

Excellent cold workability, good hot formability. Fabri- 
cated by blanking, bending, heading and upsetting, shear- 
ir^ and swaging. 

Flexible hose 

Phosphor bronze, 5-percent A 

510 

95. 0 Cu 
5.0 Sn 
Trace P 

Excellent cold workability. Fabricated by blanking, drawing, 
bending, heading and upsetting, roll threading and knurling, 
shearing, stamping. 

Bellows, bourdon tubing, clutch 
disks, cotter pins, diaphragms, 
fasteners, lock washers, wire 
brushes, chemical hardware, 
welding rod 

Phosphor bronze, 8-percent C 

521 

92. 0 Cu 
8.0 Sn 
Trace P 

Good cold workability for blanking, drawing, forming and 
bending, shearing, stamping. 

Generally for more severe ser- 
vice conditions than alloy 510 

Phosphor bronze, 10-percent D 

524 

90. 0 Cu 

10. 0 Sn 
Trace P 

Good cold workability for blanking, forming and bending 
shearing. 

Heavy ba. s and plates for severe 
compression, bridge and expan- 
sion plates and fittings articles 
requiring good spring qualities, 
resiliency, fatigue resistance, 
good wear and corrosion re- 
sistance 


^From ref. 7, pp. 26 and 27. 
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TABLE A-VI. - Concluded. PROPERTIES AND APPUCATIONS OF COPPER AND COPPER ALLOYS* 


Alloy name 

Number 

Nominal 

composi- 

tion, 

percent 

Fabricating characteristics 

Typical applications 

Free-cutting phosphor bronze 

544 

88.0 Cu 
4.0 Pb 
4.0 Zn 
4.0 Sn 

Excellent machinability, good workability. Fabricated by 
blanking, drawing, bending, machining, shearing, stamp- 
ing. 

Bearings, bushings, gears, 
pinions shafts, thrust 
washers, valve parts 

Aluminum bronze, D 

614 

91.0 Cu 

7.0 A1 

2.0 Fe 

Fabricated by blanking, drawing, forming and bending, head- 
ing and roll threading. 

Nuts, bolts, stringers and 
threaded members, cor- 
rosion resistant vessels 
and tanks, structural com- 
ponents, machine parts and 
members, condenser tubing 
and pipe, protective sheath- 
ing and fastening 

Low-silicon bronze, B 

651 

98. 5 Cu 
1.5 Si 

Excellent hot and cold workability. Fabricated by forming 
and bending, heading and upsetting, hot forgir^ and press- 
ing, roll threading and knurling, squeezing and swaging. 

Hydraulic pressure lines, an- 
chor screws, bolts, cable 
clamps, cap screws, ma- 
chine screws, nuts, rivets, 
U-bolts, electrical conduits, 
heat exchanger tubing, weld- 
ing rod 

High-silicon bronze, A 

655 

97. 0 Cu 
3.0 Si 

Excellent hot and cold workability. Fabricated by blanking, 
drawing, forrnu^ and bending, heading and upsetting, hot 
forging and pressing, roll threading and knurling, shearing, 
squeezing and swaging. 

Similar to alloy 651 

Manganese bronze, A 

675 

58. 5 Cu 
1.4 Fe 
39.0 Zn 
1.0 Sn 
0. 1 Mn 

Excellent hot workability. Fabricated by hot forging and 
pressing, hot heading and upsetting. 

Clutch disks, pump rods, 
shafting, balls, valve stems 
and bodies 

Aluminum brass 

687 

77. 5 Cu 
20. 5 Zn 
2.0 A1 

Excellent cold workability for forming and bending. 

Same as alloys 443, 444, 
and 445. 

Copper nickel, 10 percent 

706 

88. 7 Cu 
1.3 Fe 
10. 0 Ni 

Good hot and cold workability. Fabricated by forming and 
bending, welding. 

Condensers, condenser plates, 
evaporator and heat exchanger 
tubing, ferrules 

Copper, nickel, 30 percent 

715 

70.0 Cu 
30. 0 Ni 

Similar to alloy 706. 


Nickel silver, 65-10 

745 

65.0 Cu 

25.0 Zn 
10. 0 Ni 

Excellent cold workability. Fabricated by blanking, drawing, 
etching, forming and bending, heading and upsetting, roll 
threading and knurling, shearing, spinning, squeezing and 
swaging. 

Rivets, screws, slide fas- 
teners 

Nickel silver, 65-18 

752 

65.0 Cu 

17.0 Zn 

18.0 Ni 

Fabricating, characteristics similar to alloy 745. 

Rivets, screws 

Nickel silver, 65-15 

754 

65.0 Cu 
20. 0 Zn 

15.0 Ni 

Fabricating characteristics similar to alloy 745. 


Nickel silver, 65-12 

757 

65.0 Cu 

23.0 Zti 

12.0 Ni 

Fabricating characteristics similar to alloy 745. 


Nickel silver, 55-18 

770 

55. 0 Cu 

27.0 Zn 

18.0 Ni 

Good cold workability. Fabricated by blanking forming and 
bending and shearing. 

Springs and resistance wire 


^From ref. 7, pp. 26 and 27. 
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TABLE A-VII - PROPERTIES AND USES FOR HEAT TREATABLE 

COPPER ALLOYS^ 



Beryllium Copper 
(Strip) 

CDA 172 

Copper-Nickel- 
Silicon (Strip) 
CDA 647 

Chromium Copper 
(Strip) 

CDA 182 

Zirconium Copper 
(Strip) 

CDA 150 

Copper-Nickel- 
Phosphorus 
CDA 190 

Nomina) composition, % 

97.85 Cu, 1.90 
Be, 0.25 Co 

97.50 Cu, 1,90 
Ni. 0.60 Si 

Properties 

99.10 Cu, 0.90 Cr 

99.85 Cu, 0.15 2n 

97.55 Cu. 1.20 
Ni. 0.25 P 

Tensile strength, psi 






Sott (SA)‘ 

69.000 

41,000 

30.000 

32,000 

38.000 

SA w HT 

177,000 

85.000 

56.000 

34,000 

65,000 

1 } liaid 

92.000 

48.000 

43,000 

48,000 

61,000 

1 ? Hard 1 HT 

195.000 

91,000 

62,000 

53,000 

82,000 

Hard 

110.000 

68.000 

52.000 

55,000 

66,000 

Hard f HT 

200.000 

98.000 

67,000 

59,000 

90,000 

Yieirl strength psi 






Sott (SA) 

32,000 

14,000 

8,000 

14.000 

10,000 

SA t- Hf 

155,000 

65,000 

45,000 

18.000 

40.000 

1 2 hard 

82.000 

46.000 

40,000 

46,000 

54,000 

1 2 hard 

175,000 

81,000 

57,000 

45,000 

71.000 

Hard 

104.000 

57.000 

51,000 

53,000 

59,000 

Hard f HT 

180,000 

85.000 

63,000 

53,000 

78,000 

Elongation in 2 in.. % 






Soft (SA) 

47 

39 

42 

51 

40 

SA HI 

7 

16 

IS 

51 

33 

1 2 ha'd 

10 

17 

7 

11 

8 

1 ? hard f Hi 

3 

13 

9 

18 

6 

Hard 

4 

3 

2 

7 

6 

Hard ♦ HT 

2 

9 

6 

14 

4 

Eleuncal conductivity, % lACS 





32 

Soft (SA) 

18 

23 

36 

70 

SA i- HT 

24 

40 

81 

84 

60 

1 2 hard 

16 

23 

35 

72 

32 

. 2 hard + HT 

24 

40 

78 

88 

60 

Hard 

16 

23 

35 

73 

32 

Hard • HT 

24 

40 

78 

88 

60 

Tliermal conductivity. Btu sq ft;ft/hr/®F 






Soft (SA) 

46 

58 

90 

167 

80 

SA , HT 

61 

100 

189 

195 

145 

1 2 hard 

43 

58 

88 

171 

80 

1 2 hard -r HT 

61 

100 

183 

202 

145 

Haid 

43 

58 

88 

173 

80 

Hard F HT 

61 

Fabr 

100 

eating Character 

183 

sties 

202 

145 

Hot working temperature (SA or HT) 

1050 to 1475 F 

1300 to 1375 F 

1650 to 1695 F 

1650 to 1760 F 

1300 to 1550 F 

Solution annealing temperature 

1400 to 1475 

1375 to 1475 

1830 

1650 to 1750 

1300 to 1450 

Aging temperature (1 to 2 hr) 

600 

800 to 900 

850 to 930 

750 to 950 

800 to 900 

Machinability rating, (SA, CW, HT)f 

20% 

30% 

20% 

20% 

30% 

Cold workability 

Good 

Excellent 

Good 

Excellent 

Excellent 

Hot workability 

Excellent 

Jo 

Excellent 

ning Characterist 

Good 

ics 

Excellent 

Excellent 

Soft soldering 

Excellent 

Excellent 

Excellent 

Excellent 

Excellent 

Silver brazing 

Good 

Excellent 

Excellent 

Excellent 

, Excellent 

Oxyacetylene welding 

Poor 

Good 

— 

Fair to good 

Good 

Carbon arc welding 

Excellent 

Fair to poor 

— 

Fair 

Good 

Gas shielded arc welding 

Good 

Good 

— 

Good 

Good 

Resistance welding 

Excellent 

T 

Good 

ypical Appllcatio 

1S 

Not recommended 

Fair 


Diaphragms, bel. 

Fasteners, electrical 

Similar to coppers. 

Commutator seg- 

Springs, clips. 


lows, relays, circuit 

parts, marine hard- 

such as circuit 

ments. conductors, 

electronic parts. 


breakers, switches; 

ware, resistance 

breakers, parts 

electrical parts, 

high strength elec- 


fuse and component 

welded assemblies. 

where high strength 

gaskets, resistance 

trical connectors. 


holders: canlilever 

resistance welding 

and high thermal 

welding tips, rotor 

bolls, nails, screws, 


flat springs; Belle- 
ville, curved spring 
and wavy spring 
washers; brush 
springs used at 
ambient tempera- 
ture up to 300 F 

tip holders, rotors 
and rings, springs, 
switch gear, wire 
connectors, wire 
forms and wire 
products 

and electrical con- 
ductivity are 
needed. Used where 
higher softening 
point than that pro- 
vided by copper is 
needed 

bars and plates, 
switch parts, 
washers, wave 
guides, wire forms 
and wire products 

rivets, fasteners 


Note: Data Sheet lists only those alloys containing 97% Cu (min). 

•SA, solution annealed; CW, cold worked; HT, aged. fBased on 100% for free-cutting brass (CDA 360). 


^From ref. 7, p. 25. 


REFERENCES 


In parentheses after most references are given the Microfiche card numbers denot- 
ing the location of the references in the Microfiche supplement and the pages of the 
references reproduced in the Microfiche supplement. 

1. Smith, H. H. ; and Shahinian, P. ; Effect of Oxygen and of Water Vapor on the 

Fatigue Life of Nickel at 300 C, Effects of Environment and Complex Load 
History on Fatigue Life. Spec. Tech. Publ. No. 462, ASTM, 1970, pp. 217-233. 

2. Davis, HarmerE.; Troxell, George E.; and Wiskocil, Clement T. : The Testing 

and Inspection of Engineering Materials. Second ed. , McGraw-Hill Book Co., 
Inc., 1955. 

3. White, E. L. ; and Ward, J. J. : Ignition of Metals in Oxygen. DMIC Rep. 224, 

Battelle Memorial Inst. , Feb. 1, 1966. (Card 1: pp. i, ii, 6-16, A1-A3.) 

4. Nihart, G. J. ; and Smith, C. P. : Compatibility of Materials With 7500 PSI 

Oxygen. Union Carbide Corp. (AMRL-TDR-64-67, AD-608260), Oct. 1964. 

(Card 1: pp. v, 8, 32-34.) 

5. Lyman, Taylor, ed. : Metals Handbook. Vol. I. Properties and Selection of 

Metals. Eighth ed. , Am. Soc. Metals, 1961. 

6. Wolf, J. ; and Brown, W. F. , Jr., eds. ; Aerospace Structural Metals Handbook. 

Vols. 1, 2, and 3. Stulen, Inc. (AFML-TR-68-115), 1972. 

7. Anon. : Metal Progress Materials and Process Engineering Data Book. Am. Soc. 

Metals, 1968. (Most recent available edition at time of writing, 1970 edition.) 
(Card 1: pp. 1-14, 25-27.) 

8. Shank, M. E. , ed. : Control of Steel Construction to Avoid Brittle Failure. Weld- 

ing Research Council, 1967. 

9. Sisco, Frank T. : Engineering Metallurgy. Pitman Publ. Co., 1957. 

10. Anon.; 1971 Annual Book of ASTM Standards. Part 31. ASTM, 1971. 

11. Anon.: ASME Boiler and Pressure Vessel Code. Section VTII. Rules for Con- 

struction of Pressure Vessels. Divisions 1 and 2. ASME, 1971. 

12. Wigley, D. A.; Mechanical Properties of Materials at Low Temperatures. Plenum 

Press, 1971. 

13. Anon. : Low Temperature and Cryogenic Steels. Materials Manual. United States 

Steel. (Cards 1 and 2; pp. 5-81.) 


64 


14. Van Horn, Kent R. , ed, : Aluminum. Vol. IT. Design and Application. Am. Soc. 

Metals, 1967. 

15. Dean, L. E.; and Thompson, W. R. : Ignition Characteristics of Metals and Alloys. 

ARS J. , vol. 31, no. 7, July 1961. (Card 2; pp. 917-923.) 

16. Van Horn, KentR. , ed. : Aluminum. Vol. III. Fabrication and Finishing. Am. 

Soc. Metals, 1967. 

17. Anon.; SAE Handbook. Soc. Automotive Eng. , 1969. 

18. Key, C. F. ; and Riehl, W. A.; Compatibility of Materials with Liquid Oxygen. 

NASA TM X-985, 1964. 

19. Touloukian, Y. S. ; Thermophysical Properties of High Temperature Solid Mate- 

rials. Vol. 2. Parts I and II. MacMillian Co. , 1966. 

20. Hust, J. G. ; Powell, Robert L. ; and Weitzel, D. H. : Thermal Conductivity, 

Electrical Resistivity and Thermopower of Aerospace Alloys From 4 to 300 K. 

Rep. 9732, National Bureau of Standards (NASA CR-108088), June 9, 1969. 

21. Eldridge, E. A.; and Deem, H. W. : Report on Physical Properties of Metals and 

Alloys from Cryogenic to Elevated Temperatures. Spec. Tech. Publ. No. 296, 
ASTM, 1961. (Cards 2 and 3: pp. iii, 5-32.) 

22. Coston, R. M. ; Handbook of Thermal Design Data for Multilayer Insulation Sys- 

tems. Vol. II. Rep. LMSC-A847882, Vol. II, Lockheed Missiles and Space Co. 
(NASA CR-87485), June 25, 1967. (Card 3: pp. 2-1 - 2-7, 2-9 - 2-13, 2-15, 

2-17, 2-19 - 2-21, 2-23, 2-25, 2-27 - 2-29, 2-31, 2-33 - 2-35, 2-37, 2-39 - 
2-41, 2-43, 2-45 - 2-49, 2-51.) 

23. Schwartzberg, Fred H. ; Osgood, Samuel, H. ; Bryant, Carol; and Knight, Marvin; 

Cryogenic Materials Data Handbook. Rep. AFML-TDR-64-280, Air Force Mate- 
rials Lab. July 1970. 

Vol. I (AD-713619) — Sections A, B, and C. (Card 3; pp. 42, 43, 75, 96, 97, 

176, 204, 227, 238, 246.) 

Vol. n (AD-713620) -- Sections D, E, F, G, H, and I. (Card 3; pp. 13, 14, 25, 
41, 55, 81, 144, 226.) 

24. Van Horn, Kent R. , ed. ; Aluminum. Vol. I. Properties, Physical Metallurgy and 

Phase Diagrams. Am. Soc. Metals, 1967. 

25. Rosenberg, Samuel J. ; Nickel and Its Alloys. Monograph 106, National Bureau 

of Standards, May 1968. (Card 3; pp. 56-61.) 

26. Keuhl, D. K. ; and Zwillenberg, M. L. ; Investigation of the Ignition and Combustion 

of Metal Wires. Rep. F910336-24, United Aircraft Research Lab. (NASA 
CR-89788), May 1967. 


65 


27. Browning, Ethel: Toxicity of Industrial Metals. Seconded., Butterworths & Co., 

1969. 

28. Reynolds, W. C. : Investigation of Ignition Temperatures of Solid Metals. NASA 

TN D-182, 1959. (Card 4; All.) 

29. Classman, I . ; Mellor, A. M. ; Sullivan, H. F. ; and Laurendeau, N. M. : A 

Review of Metal Ignition and Flame Models. Reactions between Gases and Solids, 
Conf. Proc. No. 52, AGARD, Feb. 1970. (Cards 4 and 5: pp. 19-1 - 19-30, 
19-App-l - 19-App-9.) 

30. Carslaw, H, S. ; and Jaeger, J. C. : Conduction of Heat in Solids. Clarendon 

Press, 1950, 

31. Arpaci, Vedat S. : Conduction Heat Transfer. Addison- Wesley Publ. Co., 1966. 


66 


BIBLIOGRAPHY 


Anon.; ALCOA Structural Handbook, Aluminum Company of America, 1960. 

Anon.; Behavior of Materials at Cryogenic Temperatures. Spec. Tech. Publ. No. 387, 
ASTM, 1966. 

Anon. ; Evaluation of Metallic Materials in Design for Low Temperature Service. 

Spec. Tech. Publ, No. 302, ASTM, 1962, 

Anon. ; Low Temperature Mechanical Properties of Various Alloys, NASA SP-5921(01), 
1970. 

Anon. ; Military Standardization Handbook - Metallic Materials and Elements for 
Aerospace Vehicle Structures, Two Volumes, MIL-HDBK-5B, Sept. 1, 1971. 

Anon.; The Mechanical Properties of Copper- Beryllium Alloy Strip. Spec. Tech, 

Publ. No. 367, ASTM, 1964. 

Bell, Joseph H. , Jr,; Cryogenic Engineering, Prentice- Hall, Inc., 1963. 

Boyd, G. M, , ed. ; Brittle Fracture in Steel Structures. Butterworth & Co., 1970. 

Christian, J. L. ; Evaluation of Materials and Test Methods at Cryogenic Temperatures. 
Rep. ERR-AN-400, General Dynamics/Astronautics, Dec. 10, 1963, 

Frank, Robert G. ; and Zimmerman, William F. ; Materials for Rockets and Missiles, 
MacMillan Co. , 1959, 

Groenveld, T. P. ; et al. ; High-Strength Steel 9Ni-4Co- Processes and Properties 
Handbook. Battelle Memorial Inst. , Apr. 1968, 

Martin, H. L. ; et al. ; Effects of Low Temperatures on the Mechanical Properties of 
Structural Metals - Revised and Enlarged Edition. NASA SP-5012(01), 1968. 

Parker, Earl R. , ed. ; Materials for Missiles and Spacecraft. McGraw-Hill Book Co., 
Inc., 1963. 

Sessler, J. , and Weiss V. ; Materials Data Handbook(s); 

Aluminum Alloy 2014. NASA Tech, Support Pkg, 67-10089, Apr. 1966. 

Aluminum Alloy 2219. NASA Tech, Support Pkg. 67-10089, Mar, 1966. 

Aluminum Alloy 5456. NASA Tech. Support Pkg, 67-10089, May 1966. 

Aluminum Alloy 6061. NASA Tech. Support Pkg. 69-10065, June 1969. 

Inconel Alloy 718. NASA Tech, Support Pkg. 67-10282, Sept. 1966. 

Type 301 Stainless Steel, NASA Tech. Support Pkg. 67-10089, June 1966. 

Touloukian, Y. S. , ed. ; Recommended Values of the Thermophysical Properties of 

Eight Alloys, Major Constituents and Their Oxides. Purdue University, Feb. 1966. 


67 


Varley, P. C. ; The Technology of Aluminum and its Alloys. CRC Press, 1970, 

Williams, L. R. ; Schmidt, E. H. ; and Young, J. D. : Design and Development Engi- 
neering Handbook of Thermal Expansion Properties of Aerospace Materials at 
Cryogenic and Elevated Temperatures. Rep. R-6981, North American Aviation 
(NASA CR-102 331), Mar. 30, 1969. 

Wood, R. A. : A New Aluminum Sand Casting Alloy of High Toughness (M-45). SP-5091, 
1970. 


I 

I 


68 


NASA-Langley, 1974 E-7552 


NASA SP-3077 
MF SUPPLEMENT 


REFERENCES 

la parentheses after most references are given the Microfiche card numbers denot- 
ing the location of the references in the Microfiche supplement and the pages of the 
references reproduced in the Microfiche supplement. 

1. Smith, H. H, • and Sh^iinian, P. : Kfect of Oxj^en and of Water Vapor on the 

Fatigue life of Nickel at 300 C. BIflfects of Environment and Complex Load 
History on Fatigue life. I^ec. Tech. Publ. No. 462, ASTM, 1970, pp. 217-233* 

2. Davis, Harmer E. ; Troxell, George E. ; and Wiskocii, Clement T. : The Testing 

and Inspection of Engineering Materials. Second ed. , McGraw-Hill Book Co. , 
Inc., 1955, 

3. White, E. L.^ and Ward, J. * Ignition of Metals in Oxygen. DMIC Rep. 224, 

Battelie Memorial Inst; , Feb. 1, 1966. (Card 1; pp. i, ii, 6-16, 

A 'A, 

4. Nihart, G. J.; and Smith, G. P.: Compatibility of Materials With ^ 

Oxygen, Union Carbide Corp. {AMRL-TDR-64-67, AD-608260), Ocfc 
(Card!: pp. V, 8, 32-34.) 

5. Lyman, Taylor, ed, ; Metals Handbook. Vol. I. Properties and Selection of 

Metals. Eighth ed., Am. ^oc. Metals, 1961. 

6. Wolf, J. J and Brown, W. F,, Jr,, eds, : Aerospace Structural Metals Handbook. 

Vols. 1, 2, and 3. Stulen, Inc, (AFML-TR-68-115), 1972. 

7. Anon, : Metal Progress Materials and Process Engineering Data Book. Am. Soe. 

Metals, 1968. (Most recent available edition at time of writing, 1970 edition.) 
(Card 1; pp. 1-14, 25-27.) 

8. Shank, M. E, , ed, % Control of Steel Construction to Avoid Brittle Failure, Weld- 

ing Research Council, 1967. 

9. Sisco, Frank T, : Engineering Metallurgy, Pitman Publ. Co. , 1957. 

10. Anon.; 1971 Annual Book of ASTM Standards. Part 31. ASTM, 1971. 

11. Anon, ; ASME BoUerrand Pressure Vessel Code. Section vm. Rules for Con- 

struction of Pressure Vessels, Divisio^is i and 2. ASME, 1971. 

12. Wigley, D, A. ; Mechanical Properties of Materials at Low Temperatures. Plenum 

Press, 1971, | 

13. Anon* ; Low Temperature and Cryogenic Steels. Materials Manual* United States 

Steel. (Cards 1 and 2: pp. 5-81. ) 


14, Van Horn, KentR. , ed, : AMminmn. Vol. II. Design and AppMciation. Am, Soc. 
i Metals, 1967. 

15, Dean, L, E. j and Thompson, W, R, ; lotion Characteristics of Metals and Alloys, 

ARS J, , voi. 31, no. 7, July 1961. (Card 2: pp. 917-923.) 

16, Van Horn, Kent R. , ed, : Aluminum. Vol, HI. Fabrication and FinisMi^, Am. 

Soc. Metals, 1967. 

17, Anon. ; SAE Handbook. Soc. Automotive Ei^. , 1969, 

18, Key, C. F, ; and Riehl; W, A : Compatibility of Materials with liquid Oxygen. 

NASATMX-985, 1964. 

19, Touloukian, Y. S. ; Thermophysical Properties of High Temperature Solid MOate^ 

rials, Vol. 2. Parts I and II. MacMillian Co. , 1966. 

20, Hast, J, G. ; Powell, Robert L . ; and Weitzel, D, H. : Thermal Conductivity, 

Electrical Resistivity and Thermopower of Aerospace Alloys From 4 to 300 K. 

Rep, 9732, National Bureau of Standards (NASA CR- 108088), June 9, 1969. 

21, Eldridge, E, A. ; and Deem, H, W. : Report on Physical Properties of Metals and 

Alloys from Cryogenic to Elevated Temperatures. Spec. Tech. Piibl. No. 296, 
ASTM, 1961. (Cards2and3*. pp. iii, 5-32.) 

22, Cc^ton, R. M. : Handbook of Thermal Design Data for Multilayer Insulation Sys- 

tems. Voi. n. Rep. LMSC-A847882, Vol. H, I^ekheed Missiles and Spac 
(NASA CR-87485), Jtme 25, 1967. (Card 3: pp. 2-1 - 2-7, 2-9 - 2-13, 2-15, 

2-17, 2-19 - 2-21, 2-23, 2-25, 2-27 - 2-29, 2-31, 2-33 - 2-35, 2-37, 2-39 - 
2-41, 2-43, 2-45 - 2-49, 2-51.) 

23, Schwartzberg, FredH. ; C^good, Samuel, H. * Bryaht, Carol; and Knight, Marvin: 

Cryc^enic Materials Data Handbook. Rep. AFML-TDR-64-280, Air Force Mate- 
rials Lab. July 1970. 

Vol. 1 (AD-713619) — Sections A, B, and C. (Card 3; pp. 42, 43, 75, 96, 97, 

176, 204, 227, 238, 246,) 

Vol. n (AD-713620) — Sections D, E, F, G, H, and I. (Card 3: pp. 13, 14, 25, 
41, 55, 81, 144, 226.) 

24, Van Horn, Kent R, , ed, : Aluminum. Vol, I. Properties, Physical Mi^Saliurgy and 

Phase Diagrams. Am. Soc. Metals, 1967, 

25, Rosenberg, Samuel J,: Nickel and Its Alloys. Monograph 106, National Bureau 

of ^andai'ds, May 1968. (Card 3: pp. 56-61.) 

26, KeuM, . D. K.; and Zwillenfaerg, M. L. : huvestigation of the Ignition and Combustion 

of Metal Wires. Rep, F910336- 24, United Aircraft Research Lab. (NASA 
CR-89788), May 1967, 



2,1 „ Bromix^, Ethel: Toxicity of Mdustrial Metals. Second ed. , Bitterwortfes ^ Co. , 
1969. 

28. Reynolds, W, C. : lh¥est%ation of %nition Temperatures of Solid Metals. 

THI^182, 1959. (dard4: Ail.) 

29. Gasman, I. * Mellor, A, M. ; SuMvan, H, F, ; and Laurendeau, N. M, : A 

Review of Metal Ignition and Flame Models. Reactions between Gases and Solids 
Conf. Rroc. No. 52, AGARD, Feb. 1970. (Cards 4 and 5: pp. 19-1 - 19-30, 

19-^ App-,1 ~ 19-App->9. ) . % 

30. Carslaw, H. S, ; and Jaeger, J. C, : Conduction of Heat in Solids^ Clarendon 

Press, 1950. 

31. Arpaci, Vedat S. : Conduction Heat Transfer. Addison- Wesley Pubi. Co. , 1966. 








REFERENCE 

2 


DAVIS, HARDER LjTROXELL, GEORGE LrAND WISKOCIL, 
CLEMENT T. : THE TESTING AND INSPECTION OF ENGINEERING 
MATERIALS. SECOND ED., MCGRAW-HILL BOOK €G.; INC., 
1955 . 









AmKi SMf 

wi Mi 


XSt- ^ /xjfrf’ 

WHK i«v*>t tt# 

i» Wm 







i.i-o- t, X, 

,U,Z 


IGNmON OF METALS IN OXY^N 


Diffliti Aims INfOKMATION CiMftft 
Aiiff«ll^ A*M«ri«l 

OAi* 43101 


at 


JW. i;;'. ia70 
LEWIS m;VuiY fits» 




4 


/ 


IGNITION OF METAL.S IN OXYGEN 


by 


DMIG Report 224 
February 1, 1966 


E. L, White and J ■ J. Ward, 



OFFICE OF THE OXipCTOR OF DEFENSE 
RESEARCH AMD ENGINEERING 




DEFENSE METALS INFORMATION CENTER 
Battelle Memorial Institute 
Columbus, Ohio 43201 








ifmKSr,: 



\ 


IGMtlON OF MBTAIS IN OXYGEN 
E, E. White and J, J. Ward* 

SUMMARY ANO CONCLUSIONS 


Yhe igaitlon ef metals in exygen and oxygen 
atmospheres ^svas reviewed irons the viewpoints of 
|a) nhethods that have heen used to stndy feehavior , 

(h) experimeatal values that have been ob^incd , 
and (c) the status of theories that permit the cal- 
culation of ignitioft temperatures . 

While no clearcul defimlion of ignition tem- 
perature has been developed, it appears probable 
that a definite or an absolute ignition temperature 
does exist for a par^cular metal-oxygen system. 

In general terms, if the energy iJ^ut as converted 
to heat is greater than the heat dissipation, a 
temperature will be reached at wMch ignition of 
the metal will occur. Practically, this tempera- 
ture appears dependent on many factors some of 
which are relatively static (e. g, , atmosphere, 
composition, purity, metal surface area and con- 
dition, etc.) and others that may be dynaimc (e,g; , 
pressure, impact, impact velocity, vibration, etc, ). 
No standard test procedures or methods have been 
developed to evaluate the ignition temperatures of 
metals. The net result is that varying values 
have been reported for the same or similar metal- 
oxygen systems," 

Despite these differences, the following 
generaliaations can be offered on the basis of the 
experimentar evaluations performed to datet 

(1) All metals, with the possible exception 
of gold and platinum, can be expected 
to ignite in Oxygen at Some elevated 
temperature, 

(2) Alloys of several systems have been 
shown to ignite in Oxygen systems at 
relatively low temperatures and some 
at IX>X temperatures if some external 
source of energy input is present. 
Generally, the presence of a fresh 
metal surface is also necessary to 
cause ignition at these low tempera- 
tures, These ignition-sensitive alloy 
systems include the alloys of titanium, 
sirconium, thorium, uianuam, lead, 
tin, and magnesium, 

(3) A number of secondary energy input 
sources have been shown to cause 
ignition of these sensitive alloys in 
oxygen Systems. These sources also 
probably produce a fresh metal sur- 
face aod are identified as follows: 

^Research Chemical Engineer and Fellow in the 
Corrosion Research and Materials Thermodyna- j 
micS Divisions, respectively, Battelle Memorial 
Institute, Columbus, Ohio. 


In/GaSeottS 'OxygeU-- >- ' ' 

Electric spark Stress rupture 

Functure Explosive shock. 

In Liquid Oxygen 

Mechanical impact , Puncture 
Explosive shock , 

(4) A number of other methods of second- 
ary energy input and methods of ex- 
posing fresh metal do not produce 
ignition. These are as followsi 

In Gaseous, OxyRen 

High-velocity flow 

Low -cycle fatigne cracking 

Impact on the outside of a container 
without puncture 

High-velocity flow through a small 
■ ■ ■ ■ orifice 

Rapid pressurization ~ 

In Liquid Oxygen 

Impact on the outdide of a container 
without puncture 

Rapid pres sxirixation 

Machinir^ 

Friction and galling 

Tensile rupture 

Mechanical vibration 

Sonic vibration 

Ultrasonic mbration 

High-velocity flow through an orifice, 

(5) An increase in pressure of a gaseous 
oxygen system tends to promote igni- 
tion at lower temperatures or with 
lower Secondary energy inputs. The 
dilution of oxygen with an inert mater- 
ial, gaseous or liciuid, tends to reduce 
sensitivity of metals in oxygen sys- 
tems. However, propagation is not 
affected much until the dilution is 
very great, on the order of 90 percent 
inert gas or liquid. 


(6) A numll>er‘''o| 

sho^ to be relatively insensitive to 
ignition in an osygen fenViroi^fcnt 
either at high temperatures nr at lov? 
ten^eratures vsith high secondary 
energy inputSk These alloy systems 
includet austenitic stainless steels, 
nickel alloys, cobalt alloys, copper 
alloys, and silver alloys^ Altoys of 
these system® show the best Service 
record and also show the leasl sensi’-. 
tiiwty in laboratory tests. 

(7) Another group of alloys appears to be 
somewhat intermediate between the 
sensitive and insensitive groups Cited 
in Items Z and 6. This group includes 
aluminum alloys, the 400 series' 
stainless steels, and carbon and low- 
alloy high-strength steels. These 
materials would be eicpected to ;find 
limited use in relatively nonsensitive 
applications. 

<J 

A review of the theoretical analysis Of the 
spontaneous ignition of metals in oxygen has shown 
the following: 

(1) A theoretical model for the spontaneous 
ignition of massive metal in gaseous 
oxygen at high temperatures (above 
ISlSO I*) has been developed, based On 
low-temperature oxidation-reaction 
data and thermophysical property data. 

(2) Several theoretical models for the cal- 
« culation of ignition temperature of 

metal particles in gaseous oxidation 
have been developed that agree qualita- 
tively, These models explain, why 
particle radius is an important variable 
in powder combustion. Much of this 
work has been directed to the appUca- 
tion of metal powder as a fuel. 


(3) iPractically no quantitative method is 
available for the c^culatiop. of ignition 
tenfsperatures of massive metal in 
cryogenic -OXiidiaers, such as liquid: 
oxygen. Several qualitative de- 
scriptions of the possible mechanism 
for massive metal-liquid oxygen reac- 
tions, have been made. For this reason, 

> the possible role of shock loading and 

energy input suMcient to give local 
ignition temperatures has been con- 
sidered and reviewed in this report, 

_o . • . I 

In the development and discussion of 
theoretical calculational models, a number of (Hh 
thermochemical and thermophysical constants 
are reqidred. Therefore, a literature search 
was made, and u compilation of data for these 
constants vra® given. The data included standard 
free energy of oxide formation as an extent of 
metal-oxygsu reaction, 'Also, heat-capacity values, 
vapor-pressure data, and thermophysical proper- 
lies of melting and boiling points were included. 
Thermal*conductivity Values of metals and 
oxides were included when they could he found. 

Beats of metal-oxide formation were tabulated. 

These values, with heat-capacity data, were uSe'd 
in calculating temperature rise on reaction. 

For those who may be interested in pur- 
Staing the theoretical-calculation ignition tempera- 
tures;^ this report also summarizes the following 
thermochemical and thermophysical data for most 
metals and their oxides: .4; . 

I ■ 

(a) Standard free energy of formation 

(h) Heat capacity 

(0) Vapor pressure 

(d) Melting and boiling points 

(e) Thermal conductivity. 
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done by iwjpiicting an hyd?awtic cylinder or by 
pressnrixation. The orifices have been formed 
by several means? by drilling, or by using a small 
pinhole or small crack already in the metal. 
High-velocity flow through small holes and cracks 
has not resulted in ignition with either L/OK or 
gaseous oxygen, even with the more sensitive 
metals. 

Fatigue Testa 

A few fatigue tests have been conducted in 
gaseous oxygen. These were in 60-psi oxygen 
at room temperature. Cl?) Though actual ignition 
did not occur in these tests, tarnished spots 
indicated that it is possible to ignite at least the 
active metals by fatigue failures. It is probable 
that ignition would not occur until the piece actual- 
ly cracked completely through or at least under 
conditions under which the crack begins to propa- 
gate very rapidly. 

EKPERIMENTAI. VALUES OF 
IGNITION TEMPERATURE 

The following sections of this report 
describe the results of tests that have been per- 
formed with a variety of conditions and methods 
to determine the ignition temperatures of metals 
in oxygen systems. Both reactions with liquid 
and gaseous oxygen are considered. 

Most of the data generated have been for 
titanium and its alloys with somewhat lesser atten- 
tion being given to aluminum, magnesium, and 
stainless steels. Correspondingly less informa- 
tion is available for other metals and their alloys. 
Also, more attention has been given to the ignition 
of metals in gaseous oxygen and oxygen mixtures 
than in liquid oxygen. To assist the reader in 
comparing the ignition temperatures that have 
been measured for all of these metals and alloys 
in gaseous oxygen and Oxygen mixtures , Appendix 
A summarises the available data. 

Titanium Alloys 

Ignition in Gaseous Oxygen at 
High Temperatures 

It has been shown that titanium and its 
alloys will ignite in gaseous oxygen when they are 
heated to temperatures several hundred degrees 
below the metal melting point of titanium, 3034 F 
^668 C), Relatively massive specimens (1/16- 
in. wires to 0. 5-in, tubes) have been shown to 
ignite in the range of 2372 to 2912 F (1300 to 
1600 C), when resistance heated in static oxygen 
atmospheres. 

Effect of Oxygen Pressure. An increase 
in oxygen pressure above atmospheric pressure 
has heen shown to lower the ignition point several 
hundred degrees C. At oxygen pressures of 300 
to 500 psi, the ignition temperature is lowered to 
1598 to 2012 F (870 to 1100 C).<3»*> 


Effect of dilution of Oxygen. Titanium 
also will ignite in air in the same temperature 
range as in oxygen, Some titanium alloys 
(Ti-8Mn and Ti-5Al-2. 5Sn) ignite at somewhat 
higher temperatures in air than in oxygen. (^) 

This ignition lakes place at temperatures at or 
just above their melting points. 

It has been shown that titanium will ignite 
in more dilute mixtures than air, such as SOOg* 
SOCOg mixture, if the range is the same as in 
oxygen at 300 psi. Titamum will also ignite in 
CO^ atmospheres and in nitrogen at temperatures 

below the melting point under pressure. 

Effect of Velocity. Tlte iiguition tempera- 
tures of titanium and its alloys have been shown 
to be nearly the same in high-velocity air streams 
as in static or slow-moving air, 

Ignition in Gaseous Oxygen at Ambient 
and Moderate Temperatures 

Massive titanium will not ignite in air or 
oxygen at ambient or moderate temperatures, 
unless there is a secondary input of energy usual- 
ly accompanied by the exposure of a fresh metal 
surface. Titanium powders will ignite at as low 
as 680 F (360 C) in clouds or 950 F (510 G) in 
layers, (21) 

Ignition by Electric Spark . An electric 
spark with an energy isput of 25 millijoules will 
ignite a cloud of titanium powder at room tem- 
perature and atmospheric pressure, (21) Massive 
titanium can also be ignited by an electric spark 
in gaseous oxygen at room temperature and at- 
mospheric pressure with a spark energy of I to 
10 joules, Lower energies were required 
for 0. 005-in. sheet than for 0, 007- and 0. 010- 
in. sheet. The test was performed by bringing 
a steel needle close to a titanium plate and allow- 
ing a spark to jump from ene to the other, A 
modification in which the needle was the titt aium 
sample gave similar results. Neither steel nor 
aluminum ignited in the same type of test. The 
oxygen flow rate, the extent of confinement, and 
the point of spark impingement appeared to affect 
the results, 

Tlie variations observed would indicate 
that the heat balance of the system is one of the 
controlling factors in ignition by spark, as has 
been found with ignition in high-temperature 
oxygen. Also, since the point of impingement 
seemed to be involved , there may be spots on a 
titanium surface that are more active than others 
or have a thinner or cracked scale. 

Ignition by Stress Rupture. Massive 
metal will ignite in gaseous oxygen at room tem- 
perature at pressures above atmospheric pres- 
sure, if there is also a secondary input of energy 
from tensile rupture of the metal , accompanied 
by exposure of a fresh metal surface. The 
pressure required v/as shown to be 350 psi, (20) 
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These efiEects of pressure on ignition temperature 
are shown in Figure 2. Ignition at somewhat lower 
pressures (about 60 psi) was indicated in other 
tests, {^2) as shown in Figure 3 . The Ti-6Al-4V 
alloy required a slightly higher pressure than the 
pure metal. The dilation of oxygen with helium 
increased the pressure reqiiired to cause ignition. 
At 65 percent oxygen about 1000 psi pressure is 
required. Below 35 percent oxygen (see Figure 4) 
titanium would not be expe»,ted to ignite , even at 
very high pressures. Under dynamic flow condi- 
tions such as caused by puncturing a presssire 
vessel, the pressures required for ignition are 
approximately 250 psi less than under static condi- 
tions. (20) 

An increase in temperature above room 
temperature lowers the pressure required to ignite 
titanium under stress-rupture conditions. The. 
pressure decreases from 350 to 50 psi at 1200 F 
(Figure 2), 

The observation has been that once a piece 
of titanium is ignited, it continues to burn until 
all of the metal or all of the oxygen is gone. Prop- 
agation data have been developed that indicate that 
even in dilute mixtures of oxygen, burning can 
propagate at moderate pressures of 200 psi even 
though ignition cannot occur. Therefore, dilution 
of the oxygen after ignition would not be expected to 
cause quenching until the oxygen became very 
dilute or the temperature was lowered rapidly. 

Effect of Low-Cycle Fatigue. The eneigy 
concentration by low-cyclic fetigue is probably 
smaller than with stress rupture. However, as a 
crack propagates, fresh metal surfaces are ex- 
posed. Fatigue tests in gaseous oxygen at 60 psi 
and room temperature did not result in burning at 
the bare metal areas, However, slightly tar- 

nished spots were observed, which indicated that 
high temperatures had been reached. 

Effect of Mechanical impact on the Outside 
of a Gaseous -Oxygen Container. No reactions oc- 
curred when the outside of a gaseous -oxygen 
(50 psi) container was struck with 140 ft-lb force. 
In four trials, the blow crushed the container but 
did not puncture it, This indicates the energy 
input in the form of heat was not concentrated 
enough to cause ignition. 

Ignition of Titanium in Gaseous Oxygen 
Below Room Temperature 

E£fe.ct of Stress Rupture. At the low tem- 
peratures associated with LOX (-250 F), titanium 
ruptured under stress requires a higher pressure 
for ignition to occur than when ruptured at room 
temperature (see Figure 3). (19) 

Effect of Flow Through a Small Orifice. A 
specimen of welded titanium containing a minute 
orifice was pressurised twice to 100 psig, which 
caused a stream of oxygen to flow through the 
orifice. No reaction occurred. In another experi- 
ment, a specimen containing a small crack was 



FIGURE 2. EFFECT OF TEMPERATURE ON 
SPONTANEOUS IGNITION OF 
RUPTURED TITANIUM IN 0XYGEN(22} 



FIGURE 3. REACTIVITY OF TITANIUM RUP- 
TURED IN GASEOUS 0XYGEN(18) 



FIGURE 4. IGNITION AND PROPAGATION 

LIMITS OF TITANIUM IN HELIUM- 
OXYGEN AND STEAM-OXYGEN 
MIXTURSS(22) 


Temperature, F 
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pressurized with 100 -psig oxygen until it prop- 
agated to i-1/2 inches in length. No reaction 
occurred. { 1 ^>) 

Reaction of Titanium Alloys 
With Liquid Oxygen 

Titanium and its alloys are not expected to 
react violently with LOX under static conditions 
at the boiling point of the liquid. The normal 
oxidation rate is quite low at this temperature. 
However, it has been found that, under these con- 
ditions, titanium and its alloys can he caused to 
ignite with only a small amount of energy input. 

The factors tliat appear critical here are those 
that lead to concentrations of energy in the form 
of heat to raise the temperature at local sites, 
and the exposure of fresh metal surfaces. 

Ignition by Impact. Investigators are 
agreed that mechanical impact is one source of 
energy that causes the ignition of titanium and its 
alloys in LOX. In the study of impact ignition of 
titanium and other materials , it has been found 
that organic materials, such as oils and greases, 
that are often found on metals, are very sensitive 
to impact. If the titanium surface were contamina- 
ted with organic compounds, ignition of the metal 
would occur more readily. Therefore, the degree 
of cleanliness of the surface may affect test 
results or cause unexplained field failures. Other 
types of dirt, such as metal filings and grit on 
the metal surface, produce more reactivity in 
impact tests. 

The effect of impacting titanium in LOX has 
been investigated by a number of people using 
drop-weight-type testers. In 

these experiments, various weights were dropped 
from different heights with various striker de- 
signs and areas of impact. These variations 
in equipment resulted in the same ft-lb input with 
different heights of fall and different velocities 
and area effects. 

In addition to titanium, the following alloys 
have been evaluated: 

Ti-5Al-2. 5Sn 

Ti-6A1-4V 

Ti-40A 

Ti-13V-llCr-3Al 

Ti-25Zr (experimental alloy). 

After examining data from various sources, it 
was concludedt^^) that the unalloyed titanium is 
slightly less sensitive to impact in LOX than the 
titanium alloys studied. Most of the data show im- 
pact sensitivities in the 10 to 70 ft-lh range, and 
many ignitions in the 10 to 30 ft-lb range. As 
has been mentioned before, no ignitions in 20 
tests or one ignition in 60 tests are the accepted 
limits of impact sensitivity for safe practice. By 
these criteria, titanium alloys have been ranked 


as unacceptable as a LOX container material and 
are ranked as being similar to such organic mater- 
ials as Buna N, polyethylene, and Styrofoam. ( ^ 


A number of surface treatments and coat- 
ings have been evaluated as to their effect on the 
impact sensitivity of titanium alloys in LOX. 

Some treatments found either to increase 
or to have little effect on impact sensitivity are 
noted as follows: 

(1) Mechamcal polishing was shown to 
improve the resistance by one inves- 
tigator, whereas in another case, 
it seemed to increase sensitivity. 6 ) 

(2) Pickling was shown to increase both 
the frequency and the violence of the 
ignition reactions. 

(3) Passivation with H 2 O 7 increased the 
sensitivity to LOX. Passivation 
in boiling nitric acid also increased 
the sensitivity. (^9) Treatment in 
boiling potassium hydroxide may 
have produced some slight reduction 
in sensitivity. 

(4) A number of phosphate-coating treat- 
ments have been tried on titanium. 
These include manganese phosphate, 
iron phosphate, and others. None of 
these conversion-coating treatments 
produced a substantial improvement 
in the impact- sensitivity situation, 

The fluoride-phosphate treatment, 
which forms a heavy coating, pro- 
duced only a small decrease in 
sensitivity. (^ 6 ) 

(5) Anodizing of a titanium surface by 
several methods to prepare both thin 
or thick coatings did not improve the 
resistance of the base metal to im- 
pact sensitivity. 

( 6 ) The ceramic coatings that have been 
tried have produced no improvement 
in LOX sensitivity over that of the 
base metal. 

(7) Teflon coatings reduced the LOX sen- 
sitivity, hut not enough to be useful. 

( 8 ) Plame-sprayed aluminum coatingst^^) 
and vapor-deposited alumintim coat- 
ings(26) provide somi protection, but 
not enough to be usefi . 

(9) Oxide films produced by annealing in 
vacuum and air cooling decreased the 
sensitivity somewhat, but not enough 
to be of any real value.(^^) 
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(10) Although the data regarding the 

method of application or thickness 
were not discussed in detail, gold 
and silver coatings were ineffective 
in reducing impact sensitivity. 

Other types of coatings appear to provide 
enough reduction in impact sensitivity so that 
they might find limited use. Even these protec- 
tive measures would be limited by the fact that 
damage to the coatings probably would destroy 
their effectiveness. These coatings are described 
as follows: 

(1) A nitrided layer can be formed on 
titanium alloys by heating at 1500 F in 
a nitrogen atmosphere for 3 hours. 

This surface treatment produced good 
results in that no burning occurred 

in the tests and only two flashes were 
produced. This treatment might 

be undesirable because the metal be- 
comes slightly embrittled by the 
treatment. 

(2) Electroplated coatings (about 0. 5 mil 
thick) of copper and nickel effectively 
reduce the impact sensitivity of 
titanitim in LiOX.(l^) These coatings 
may be of some practical value, al- 
though they are difficult to apply to 
large items. 

(3) Electroless copper and nickel coatings 
would be much easier to apply to the 
inside of such items as tanks. Thin 
coatings, about 0.2 mil thick, effec- 
tively reduce impact sensitivity to an 
acceptable level for limited use. The 
weight added is somewhat less than 
with the electroplated coatings, but 
the adherence may be somewhat 
less, The latter may be a function 
of the method of application. 

(4) It has been found that aluminum clad- 
ding, probably a thick coating, pre- 
vents the spontaneous ignition of ti- 
tanium when exposed to pressurized 
LOX. 

Ignition by Explosive Shock. Titanium and 
titanium alloys can be caused to ignite in LOX by 
explosive shock waves, Three different test 
methods were used in this study. In the first test 
procedure, the spacing between the charge and 
the acceptor (test specimen) was iOxed and the 
size of the charge was varied. No direct measure 
was made of the shock, but the variations in 
amount of charge required to ignite several mater- 
ials can be compared. It was found that in the 
equipment for 0. 010- and 0. 035-in. -thick Ti-5Al- 
2. 5Sn alloy sheet, only the cap (M36A1) was re- 
quired to cause ignition. Only 0. 84 inch of No. 

40 primacord had to be added to the cap to ignite 


0. 063“in, -thick specimens, in contrast, Mg- 
HK31XA-H24, Al 5052-H34, or stainless Type 
301 required much larger charges (see Table 1). 
Titanium was more sensitive than two gasket 
materials. Allpax 500 and Johns Manville 76, 
and was even more sensitive than No. 400 or 
No. 200 primacord in the same system, with 
water substituted for the IXDX. 

The other test methods were designed so 
that the spacing could be varied and the donor 
charge and the specimens kept constant, 

Titanium was again found to be far more sensi- 
tive than either an aluminum alloy or a stainless 
steel (Table 1), 

Copper or nickel electroless plating on 
unalloyed titanium results in some improvement 
over the uncoated Ti-5Al-2. 5Sn alloy. However, 
the slight improvement gained with these coat- 
ings woiild not be sufficient protection. Nickel- 
and copper-coated titanium are rated more sen- 
sitive than a magnesium alloy, an aluminum 
alloy, or stainless steel. 

Ignition of Titanium in Liquid Oxygen by 
Puncture^ A number of experiments have been 
conducted to determine tlie effect of puncturing 
a container of LOX. In the standard gun-fire 
test, a 50-calibre, armor-piercing incendiary 
bullet was fired through a plywood sheet to pro- 
duce tumbling upon entry into a titanium pres- 
sure bottle. Upon impact, a huge flash was ob- 
served together with a violent reaction. The 
pressure bottle was jhragmented. Fusion and 
burning had occurred on some of the fractured 
faces. However, the reaction did not propagate 
and the LOX was not consumed. Similar tests 
showed that the reactions were more violent 
when the LOX was not dry (i. e, , when it contained 
ice particles). 

In other tests, nonincendiary bullets 
and 1/8-in. pointed rods were fired into Ti-5Al- 
2. 5Sn tanks filled with LOX. With the rods, one 
of two burned fast and then detonated; another 
rod sealed the hole, but later the tank exploded by 
an unexplained mechanism. With the bullet, the 
LOX tank first burned and then exploded. The 
burning started immediately after the puncture, 
then subsided slightly before the explosion. 

In tests on Ti-5Al-2. 5Sn(16j29) and Ti- 
6AI-4V,(29) LOX containers were punctured by 
pins driven by falling weights. The containers 
did not burn every time, but the frequency was 
very high, i, e. , in 12 of 15 times in one test and 
in 20 of 21 times in another. No reactions oc- 
curred with aluminum or stainless steel under 
these conditions. It has also been reported that 
punctures of LOX tanks caused by small steel and 
nylon pellets resulted in violent explosions. 

From the above experiments, it is clear 
that the puncture of a titaniummlloy LOX tank will 
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TABUS 1. SOMMAKY Ol- SHOCK-SENSlTIViTY RESULTS 


MaCesfiat 


Test Method I - 
Stimulus From Donor 
{Cap and Primacord) 
Thick- Inches o£ Size of 
ness, Prima- Primacord, 
inch cord^^^ gr 


Test Method H - 
Stimulus From Donor 
{Cap and Primacord) 
Inches of Size of 
Prima- Primacord, 
cordt^) gr/ft^^) 


Gap(a) for 
Ignition, 
inches 


Test Method XU - 
Stimulus From Donor 
( Cap and Primacord) 
Inches of Size of 


Prima- Primacord, 
cordOs) gr/ft(l5) 


Gap(a) fgy 

Ignition, 

inches 


Reactions With LOX 


Ti-5Al-2.5Sn 

0. 063 

0.84 

40 

2 

400 

2. 88 

Cap only 

... 

1.55 

Ditto 

0. 063 



- 

— 


2 

400 

2.92 


0.035 

Cap only 

— 

- 

— 

— 

12 

400 

2.44 

It 

0. 035 

— 

— 

- 

• • 

— ■ 

12 

400 

3.00 

II 

0.010 

Cap only 

— 

Cap only 

— 

0.36 

12 

400 

3,90 

A1-5052-T34 

0. 063 

12 

236 

2 

400 

0.61 

12 

400 

0.95 

Ditto 

0.035 

12 

224 

- 


«« . 

12 

400 

2. 10 

Type 301 stainless steel 

0.03S 

»12 

400 

- 

— 

— 

— 


— 

Titanium, copper plated 

0,010 

12 

100 

- 

— 

— 

12 

400 

2. 50 

Titanium, nickel plated 

0.010 

12 

84 

- 

— 


12 

400 

2.50 

Mg-HK3IXA-H34 


12 

189 

Reactions in Gaseous Oxygen 





Ti-5Al-2. SSa 

C. 063 

1.5 

40 

• 



12 

400 

2.13 

Ditto 

0. 032 


— 

- 

— 

— 

12 

400 

2.75 

It 

0.010 

Cap only 

— 

- 

— 


-- 

— 

— 

AI-5052-H34 

0.063 

12 

283 

2 

400 

0, 46 

12 

400 

1.37 

Ditto 

0.035 

12 

224 








(a) Larger gap indicates the material is more sensitive. 

{b) Smaller size or shorter primacord means more sensitive. 


almost certainly result in burning that may be 
accompanied by a violent detonation. Three 
sensitizing mechanisms appear to be at work: 

(1) bnpact by the puncturing tool 

(2) Exposure of fresh titanium surface 

(3) High-velocity flow past the bare 
metal surface. 

A secondary mechanism may be that rapid pres- 
surization, due to liquid evaporation, takes place 
because of the heat produced from the initial 
reaction. This accompanying pressure increase 
results in the violent detonation. 

The effect of the size of the puncturing tool 
is illustrated by micrometeoroid punctiire tests. 
These tests, using very small "bullets** (0. 1 to 
0, 2 gram) fired at high velocities of 9,100 to 
15,000 ft/sec, resulted in ignition of the titanium 
at the side of entry about half the time, and on 
the opposite side in 15 of 16 times. 

The data indicate that puncture caused by 
either small particles at high velocity or larger 
tools at much lower velocities results in ignition 
of titanium alloy in contact with IX3X. 

Effect of Mechanical Impact on the Outside 
of a lijquid-Oxygen Container. Experiments were 
conducted at as high as 140 ft-lb impact to deter- 
mine if mechanical impact on the outside of a LOX 
container would have the same effect as impact 
in contact with the 1X>X. These tests did not re- 
sult in ignition; the input of energy is probably 


less than that from the detonation-type tests but 
is at least V times as great as the "in LOX” 
type of impact that produces ignition. 

Similar tests^^®^ showed no reaction when 
titanium tubes containing I.QX were crushed with 
?0 ft-lb of impact. 

Effect of Rapid Pressurization. Titanium- 
alloy liOX tanks have been shownTfe withstand 
250 pressurization cycles 0 to 1500 psi 'without 
ignition. The pressurization cycle consisted of 
almost instantaneous rise to 1500 psi in 0. 6 
second and back to 0 psi in a total of 2 seconds. (1^) 
I.OX was also compressed in an hydraulic 
cylinder by application of 70 ft-lb of force from 
a dropped weight. A titanium specimen at the 
bottom of the pressurized cavity did not ignite. 

Effect of Dilution by Liquid Nitrogen. 
Experiments have shown that titani'om is impact 
sensitive in JLOX even when it is diluted with 
large amounts of liquid nitrogen (LN^). Only 
when the I.N 2 dilution reaches 70 percent (almost 
liquid air) does the titanium become nonreactive 
at the 70 ft-lb level (see Table 2). 

TABLE 2. EFFECT OF UQU2D-N1TROGEN DILUTION ON 

LIQUID-OXYGEN IMPACT SENSITIVITY OF Ti- 

SAl-2. 5Sn TITANI0M(16> (0. 063 in. thick) 

LNg, Reactionz per No, of Test* «t Indicated bnpact , ft-lb 
percent 72 6S 58 51 43 36 2 2 7 

0 n/20 — — — — 3/20 1/20 0/20 

50 1/20 3/20 3/20 0/20 0/20 — 

60 2/20 ~ ~ 2/20 1/20 0/20 — 

70 0/20 0/20 

100 0/20 ~ 
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Machining or Galling. Titanium panels 
were machined under LiOX with no reaction. 

The chips thus produced were sluny and bright. 
However, when heat was generated with galling 
under a rotating sl^nless-stcel cylinder, an 
observable reaction occurred. Propagation did 
not occur at contact pressures of 2600 psi and 
speeds of 220 ft /nun. 

In experiments on the eHect of galling 
under LOX, tests were conducted by rotating the 
end of a stainless-steel rod on a titanium speci- 
men in an aluminum cup filled with LOX. The 
rod was mounted in a drill press and operated at 
peripheral speeds of up to 40 in. /sec (200 ft/min) 
and different pressures up to 1600 psi. The re- 
action, as indicated by the intensity of the light 
flash, increased when speed and/or pressure in- 
creased. The temperature generated was es- 
timated to be about 1000 F, as observed from 
the color of the stainless-steel rod. 

An explanation for propagation not occur- 
ring even though ignitiun can be made to take 
place by heat generated by friction is that propa- 
gation probably is dependent upon the heat 
balance of the system. In the above experiments, 
it is clear that a high enough temperature does 
exist at some points in the overall cold system. 
The titanium-oxygen interface, however, only 
momentarily reaches ignition conditions, after 
which the heat balance shifts and quenching occurs 

Ignition by Tensile Rupture. The reactiv- 
ity of a freshly formed titanium surface was in- 
vestigated by rupturing titanium tensile speci- 
mens exposed to 1X)X. No propagating reactions 
were obtained in over 30 experiments at strain 
rates from 100 to 10,000 in. /in. /min. One 
small discolored spot was found only on one 
specimen. However, a bright flash of light was 
observed when the specimen ruptured. ^26, 27) 
Aluminum foil also flashes when raptured. It is 
believed the flash is the resiilt of the rapid oxida- 
tion of the fresh surface. 

Effect of Vibration. High vibration levels, 
as associated with space vehicles, were studied. 
Vibration tests(16) of LOX-fillcd tanks, made 
with up to 200 cycles per second at 20 G's with a 
0, 03-inch double amplitude, caused no reactions. 

In other experiments, a "sloshing" vibra- 
tion was investigated using a 1X3X -filled tcink in 
a Rotap machine for 10 minutes in each of 5 
tests. In a similar test, the top vent port was 
left open and tapped lightly by the machine as 
dense vapors passed over the impact area. No 
reaction occurred. 

Effect of Ultrasonic Eneigy, Titanium 
coupons were placed in JjOX and subjected to 
ultrasonic energy from a 400-watt, 25-kc magneto 
strictive transducer. Three runs using 
disks 0.010, 0.025, and 0.063 inch thick, for 
15 minutes* duration produced no reaction. 


Effect of Sonic Energy . Two 0. 010-in. - 
wall titanium tanks filled with 1X>X and pres- 
surized to 50 psig were located 8 feet from a 
rocket motor. (1^) A 4000-pound thrust LOX- 
kerosene rocket engine was ffred to produce a 
150-db acoustic pressure level. Four tests for a 
total of 210 seconds produced no reactions. 

Simulated Loose Equipment in a Liquid- 
Oxygen Tank. The effect of components break- 
ing loose and vibrating in a 1X3X tank during 
flight was simulated. (16) a 2-in. cube of Type 
321 stainless steel was rough cut with a power 
hack saw and placed in a Ti-5Al-2. 5Sn tank. 

The tank was filled with liOX and pressurized with 
35 to 40 psig oxygen. The tank was then vibrated 
in a Rotap machine. After about 15 minutes, the 
1X>X evaporated, and the cube rattled around in 
gaseous oxygen. Examination of the tank showed 
a surface peppered with minute dents but no 
reaction was indicated. Similar results are 
reported in gaseous oxygen on compressive im- 
pact studies. (16) Steel balls were impacted up 
to 20 mils deep into a titanium sample with no 
reaction. 

Effect of Flow Through an Orifice. L>OX 
was forced through a small orifice using an 
hydraulic cylinder. There was no apparent 
reaction. (1®' 

Summary of Oxygen-Titanium 
Reaction Information 

The following conclusions can be drawn 
about ignition reactions of oxygen-titanium alloy 
systems. 

Gaseous Oxygen 

(1) Ignition of titanium in gaseous oxygen 
occurs at temperatures about 482 F 
(250 C) below its melting point at 
atmospheric pressure 

(2) An increase in pressure lowers the 
ignition temperature 

(3) Dilution of oxygen up to the amount 
in air causes little change in ignition 
temperatures 

(4) Titanium will ignite in both carbon 
dioxide and nitrogen at temperatures 
somewhat higher than in oxygen at the 
same pressures 

(5) The ignition, teixqierature in high- 
velocity air Streams is about the same 
as under static conditions 

(6) Massive titanium will not ignite at 
ambient and moderate temperatures 
in air or Oxygen unless some second- 
ary source of energy other than heat 
is available 
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(7) As with other metals , clouds and 
layers of powder caux be ignited at 
substantially lower temperatures 
than can massive metal 

(8) Titanixim can be ignited in both powder 
and massive form by electric spark 

at room temperature 

(9) The massive metal can be ignited by 
stress rupture at room temperature 
at oxygen pressures above about 60 
psi but not at atmospheric pressure. 

If the temperature is increasedj 
ignition occurs at lower pressures 

(10) Titanium is not ignited by low-cycle 
&itigue cracking at pressure up to 
60 psi. Ignition is likely at higher 
pressure 

(11) The metal is not ignited by impact up 
to 70 ft-lb in gaseous oxygen at low 
temperatures and atmospheric 
pressure 

(12) Impact on the outside of a gaseous 
oxygen container is not likely to 
cause ignition if puncture does not 
occur 

(13) Ignition can be expected when titanium 
containers of gaseous oxygen are 
punctured either by large low-velocity 
projectiles or small high-velocity 
projectiles 

(14) High-velocity flow through small 
orifices is not expected to ignite 
titanium. 

Liquid Oxygen 

(1) Titanium wilt not ignite in LOX witli- 
out an external energy source and 
exposure of a fresh metal surface 

(2) Ignition may occur when titanium is 
impacted in XX>X, even at impact 
levels as low as about 10 ft-lb 

(3) Unalloyed titanium may be slightly 
less sensitive to impact than some 
of its alloys 

(4) The following surface treatments, to 
some extent, reduce the impact sensi- 
tivity of titanium alloys: nitriding, 
electroplated nickel or copper, 
electroless nickel or copper, and 
cladding with a thick layer of 
aluminvim 


(5) Titanium alloys are much more sensi- 
tive to ignition by explosive shock 
than magnesium, aluminum, amd 
stainless steel. Plating the titaniiun 
alloys with nickel or copper gives 
some small improvement 

(6) Puncture of titanium-LOX tanks is 
almost sure to result in ignition 

(7) Impact of the outside of a tank that 
does not puncture is not likely to 
cause ignition 

(8) Ignition is not likely to occur in LOX- 
titanium systems by rajftid pressuri- 
zation, by machining, friction and 
galling, tensile rupture, mechanical 
vibration, sonic vibration, ultrasonic 
vibration, or high-velocity flow 
through an orifice. 

Aluminum Alloys 

Ignition in Gaseous Oxygen at 
High Temperatures 

Aluminum in the massive form has been 
shown to ignite only at temperatures above its 
melting point 1220 F (660 C) at atmospheric 
pressure. W If the molten metal is confined, 
the ignition temperature may be as high as 
1832 F (1000 C). At higher pressures of oxygen, 
up to 800 psi, the ignition tenmerature is still 
higher than the melting point. f3,4) 

Aluminum has been broken by stress 
rupture to expose a fresh surface in 2000-psi 
gaseous oxygen at 572 F (300 C). No reaction 
occurred. (22) 

Experiments involving impact and punc- 
ture of a diaphragm of a container of gaseous 
oxygen at 35 to 40 psi resulted in no reactions 
in 47 tests with pure aluminum. Aluminum 2014- 
T6, and Aluminum 6061-T6. These tests 
were conducted at boQx room temperature and 
LOX temperature. Diaphragms pressurized with 
gaseous oxygen at 60 psi were punctured by 
simulated micrometeoroid particles traveling at 
9,100 to 15,000 ft/sec. No reactions occurred, 
but there was some oxidation around the holes. v^O 
No reaction occurred as a result of puncturing 
Al-2024 diaphragms in LOX by metal shot travel- 
ing at 25,000 to 29,000 ft/sec through vacuum, 

Aluminuxn can be ignited by explosive 
shock when in contact with gaseous oxygen. 

Table 1 shows the effects under three different 
conditions. ^1^) In these tests, based on the 
amount of explosive needed and on the spacing 
between the charge and specimen, Altiminum 
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5052 la shown to be much less sensitive than 
titanium^ bat more sensitive than stainless 
steel. 


Small particles of aliuninum or aluminum- 
magnesium alloys can be ignited in clouds in air 
by low-energy sparks {50 to 80 millijoules). (21) 
Massive aluminum can be sparked with very much 
higher energies (10 joules) in pure oxygen and no 
evidence of reaction is found. 


Snaall particles of aluminum in clouds or 
layers have been ignited in air at 1202 and 1382F 
(650 and 750 C), respectively, (^^^ In more dilute 
. mixtures than air , ignition temperatures 6i 
3632 F (2000 C) are indicated. (^^^ 


Ignition in Liquid Oxygen 


When aluminum foil is ruptured in 1X>X , 
bright flashes of light are emitted, but there is 
no other evidence of ignition. (^®j 27) jg 
believed that these flashes are merely the result 
of rapid oxidation of tlte fresh metal surface and 
cannot really be called ignition. (25) 


either gaseous oxygen or in 1X>X. However, the 
data show that stainless steel is even less sensi- 
tive, indicating that stainless steel would be the 
choice between the two materials , based on 
igiution reactions. 


Stainless Steels 


Ignition in Gaseous Oxygen 

It has been fotind that the austenitic 
stainless steels in massive form ignite at or 
above their melting points at oxygen pressures 
up to 300 psi.(2j4) At 800 Types 302, 304, 
and 347 ignite at tiieir melting points while 
Types 310 and 210 ignite at slightly lower tem- 
peratures. (^) The precipitation-hardening 
steels, 17-7PH and AM-350, ignite at their 
melting points at 50 psi and slightly lower at 
300 and 800 psi. (4) Types 410 and 430 steels 
behave more like carbon steels than like the 
300-series steels and ignite at temperatures 
between 2372 and 2480 F (1300 and 1360 C) at 
pressures up to 300 psi,(^»'^^ and as low as about 
2192 F (1200 C) at 800 psi. 


Alxuninum and its alloys are not usually 
ignited by impact energies up to 70 ft-lb of 
force. (16, 18) There was some indication that if 
grit is impacted on aluminum, ignition may 
occur. 

In puncture tests, the effect of both rup- 
ture and impact was studied. When a 30-calibre 
bronze-jacketed bullet was fired through an 
aluminum-liOX tank, the slug passed through both 
sides, leaving clean holes; no reaction occurred. 
Milder tests on aluminum tanks punctured by 
steel pins produced no reaction. (^”) 

Diaphragms pressurized with LOX were 
punctured by very small, high-velocity particles 
(9,100 to 15,000 ft/sec) to simulate micro- 
meteoroids. (^®^ There' were no reactions when 
the particles penetrated Aluminum 2024 alloy 
diaphragms. However, there was a small 
amount of oxidation around the holes. When 1/16- 
in. shots traveling at 25,000 to 29,000 ft/sec in 
vacuum passed through diaphragms in LOX, no 
reaction occurred, but the metal was mechanical- 
ly ruptured. (16) 

It has been shown that aliuninum alloys can 
be ignited by explosive shock in LOX. In these 
experiments, the amount of explosive required 
to ignite Aluminum 5052 was much greater 
than that necessary for titanium, and somewhat 
more than for magnesium (Table 1). However, 
this aluminum alloy was shown to be more sensi- 
tive than stainless steel. (16) The same trend was 
indicated in tests in which the spacing between 
the explosive and the specimen was varied. (16) 

The experimental data above indicate that 
aluminum and its alloys are not easily ignited in 


At lower temperatures, the 300-series 
stainless steels do not ignite when ruptured in 
2000-psi gaseous oxygen at 572 F (300 C), (^^^ 

Type 301 stainless steel diaphragms at 60 psi 
were impacted atnd ruptured by small particles 
traveling 9,100 to 15,000 ft/sec; no reaction 
occurred. (^®) Type 301 diaphragms on gaseous 
oxygen containers, at 35 to 40 psi at room tem- 
perature and 1X3X temperature, have been 
punctured with l/l6-in. steel shot; no reaction 
occurred. (16) Ih the above experiments, the 
effects of impact, lupture, and high flow rates 
were involved, and no reactions occurred. 

In other experiments, higher velocity 
flows were used. Oxygen gas at pressures of 

12.000 psi was released through small orifices, 

0. 005 to 0. 013 inch in diameter. No reaction 
occurred, but some erosion of the orifices took 
place. <321 

In air as in oxygen, the ignition tempera- 
ture of Type 302 is above the melting point. (2) 

A higher temperature is required to ignite 
Type 430 steel in air than in oxygen. The tem- 
perature is at or above the melting point of the 
alloy. (2) High-velocity air flow, Mach 1.25, 
also had little effect on the air ignition tempera- 
ture. In SOOg-SOCOg, the 300-series steels 
ignite at or above their melting point. 

It is reported that 18-8 stainless steel in 
£ne powder form does not ignite at temperatures 
up to 1832 F (1000 C) either in clouds or layers. (^1) 

The effect of sudden increases in pressure 
has been studied. Stainless steel receivers were 
suddenly pressurized by releasing oxygen gas at 

10.000 to 16,000 psi into low-pressure receivers. 
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Tfee pressure ia the receiver rose quickly from 
15 to 8,000 psi, raising the bulk temperaiture 
21 to 42 F. These pressure surges did not pro- 
duce ignition. (32) 

Ignition in Liquid Oxygen 

The effect of impact and rupture of IX^X 
tanks has been investigated. Type 301 stainless 
steel diaphragms on LOX containers have been 
punctured fay micrometeoroid particles traveling 
at 9,100 to 15,000 ft/sec. No reaction was ob- 
served under these conditions. When 1 /16-in, 
steel spheres traveling at 25,000 to 29,000 ft/sec 
were shot through diaphragms 0. 010 inch thick, no 
reaction occurred, but the diaphragms ruptured 
mechanically. (^^) 

Type 304 LOX pressure bottles penetrated 
by incendiary 50-calibre bullets do not ignite and 
burn, but they do exhibit tearing. Occasionally, 
the bottles shatter if the material has defects at 
the grain boundaries. (^^^ 

The effect of friction and galling on the igni- 
tion of stainless steels has been investigated. 

When a stainless-steel cylinder was rotated on a 
titanium plate at 2600 psi contact pressure at 
220 ft/min in LOX, the titanium reacted, but the 
stmnless steel showed no reaction. (^ A stainless- 
steel rod was rotated on a titanium plate at 200 
ft/min at 1600 psi contact pressure in LOX. The 
temperature of the stainless steel reached about 
lOOG F, but there was no ignition of the stainless 
steel, (27) 

It is possible to ignite stainless steel in 
L.OX by explosive shock. (^^) In this respect. 

Type 304 stainless steel requires much larger 
explosive charges to cause the LOX metal reaction 
than does aluminum. 

All of the experiments that have been re- 
ported indicate that the 300-series stainless steels 
are among the materials most resistant to ignition 
in both LOX and gaseous oxygen. The various 
methods of additional external heat input that have 
been investigated have substantiated this insensi- 
tivity. The instances in which stainless steels 
have been ignited in oxygen can usually be traced 
to the ignition of another material that in turn 
ignited the stainless steel. 

Copper Alloys 

Ignition in Gaseous and Liquid Oxygen 

Copper does not ignite in gaseous oxygen at 
atmospheric pressure and below its melting point.(^>^) 
An increase in pressure up to 500 psi does not 
change this situation. (3 »4) Berylco 25 also does 
not ignite at its melting point at least at 50 psi. (^) 
However, Berylco 10 does ignite at about 1760 F 
(960 C) in oxygen. (^^ 


Copper, Berylco 10, and Berylco 25 
behave about the same in air as in oxygen. (^J 
Data for copper in high-velocity air indicate that 
its ignition temperature is still above the melting 
point of the metal. Also, copper did not ignite 
at its melting point in a 5002-50C02 mixture. (3) 

Small particles of copper in a cloud in air 
will ignite at 1292 F (700 C). (21) Berylco 25 
powder does not ignite at 1832 F (1000 G) in either a 
cloud or a layer. V^l) Brass powder (70-30) will 
ignite as low as 374 F (190 C) in a layer and 698 F 
(370 C) in a cloud. (21) Manganese bronze would 
not ignite in a cloud at 1832 F (1000 C) but did in 
a layer at 1670 F (9l0 C). Cu-50Al ignited in a 
cloud at 17d6 F (930 C) and in a layer at 1526 F 
(830 C). 

The effect of high-velocity^ncygen gas flow 
was studied with 0.005- to 0.013-in. orifices in 
copper and brass. The oxygen was released through 
the orifices from a container at 12,000 psi. No 
reaction occurred, but a fair amount of erosion 
did appear on the orifices. (32) 

Impact studies in LOX have shown that 
copper alloys have a low sensitivity to ignition by 
this means. At the 72 ft-lb force level, Ampco 
24, Cu-34Zn-lPb, bronze, and 70-30 ctmro- 
nickel showed no reactions in 20 tries. (^‘*' 

Nickel Alloys 

Ignition in Gaseous and Laquid Oxygen 

It has been shown that nickel does not ignite 
at its melting point at oxygen pressures up to 
800 psi. ('^) Inconel, Monel, Hastelloy C, Hastel- 
loy B, and Hastelloy X behave in a similar manner 
up to 300 to 500 psi. (2,4) Inconel X may ignite at 
slightly below its melting point at 300 psi. Monel, 
Hastelloy B, and Hastelloy X may ignite slightly 
below their melting points at 800 psi. (^) 

In air, nickel and Inconel in massive form do 
not ignite at their melting points at pressures up to 
300 to SCO psi. (2,3) xhe ignition temperature of 
Inconel is not affected by high-velocity air flow. (3) 
Nickel powder in clouds or layers does not ignite 
at 1^32 F (1000 C). (21) The ignition point of 
nickel powder in clouds and layers is lowered by 
alloying with 50 to 60 percent aluminum, being 
as low as 1022 to 1202 F (550 to 650 C) in layers 
and 1724 F (940 C) in clouds. 

The effect of various mechanical inputs of 
energy and the exposing of fresh metal has not been 
extensively investigated for nickel alloys. Drop- 
weight sensitivity tests on the K6 alloy (Karl Harri- 
son Co. ) and Kovar A show no reaction at 72 i't-lb 
impact in 1X>X. (3^) 

The effect of high-velocity flow through 
orifices in Monel was investigated by releasii^ 
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12,000-psi osregen gas through 0. 005- and 0. 013- 
in, orifices, t Only a small amount of erosion 
was observed and no reactions occurred. 

The data available^ although not so com- 
plete as for the stainless steels , indicate that 
nickel alloys can be classed as being very resis- 
tant to ignition in oxygen. 

Iron Alloys 

Ignitioii in Gaseous and liquid Oxygen 

Pure iron in massive form has been shown 
to ignite in gaseous oxygen at atmospheric pres- 
sure at 1706 F (930 The ignition tempera- 

ture of mild steel in oxygen has been shown to be 
about the melting point at 50 psi and decreases 
to 1904 F (1040 C) at 800 psi.W The alloy steels 
4130 and Graphsna tool steel ignited at similar 
temperature levels, (3) 

Steels behave much the same in siir as in 
pure oxygen, igniting in the range of 2192 to 2372 F 
(1200 to 1300 High-velocity adr streams 

also have little effect on the ignition temperature.(^) 
Likewise, dilution of oxygen with 50 percent CO 2 
does not dhange this ignition temperature, (^) 

Finely divided powders ignite in air at 
much lower temperatures than the massive metal. 
Pure iron powder in clouds or layers ignites at 
about 590 to 608 F (310 to 320 C) in air, (21) 

Very fine powder will ignite at room temperature 
in air. Alloying iron with large additions of 
aluminum, silicon, chromium, manganese, 
vanadium, and even titanium (descending ordei} 
raises the ignition temperature of clouds of par- 
ticles. (35) The Fe-50Al alloy did not ignite at 
1832 F (1000 C). The others ignited in the range 
between 680 and 1652 F (360 and 900 C), (21) 

The data on the effect of the various other 
factors such as impact, rupture, puncture, and 
explosive shock are very limited. Steel wool has 
been sirown to be sensitive to impact in LOX with 
three out of four reactions at 72 ft-lb impact. (34) 
However, no reaction occurred when iron was 
ruptured in 2000-psi gaseous oxygen at 572 F 
(300 C). (22) 

Although the data are somewhat limited, 
iron and low-alloy steels probably should be rated 
as having a moderately high sensitivity in oxygen 
systems. Therefore, these alloys probably 
should not be used in critical conditions. 

Cobalt Alloys 

Ignition in Gaseous Oxygen 

Limited data on cobalt alloys suggest that 
they may be nearly as resistant to ignition as the 
nickel systems in oxygen. Multimet and Haynes 
25 do not ignite until above their melting points 


at atmospheric pressure, but may ignite at or 
slightly below their melting points at higher 
pressures. (4) 

Ignition data for cobalt powder in layers 
and clouds in air suggest tliat cobalt is more 
susceptible to ignition than cobalt alloys or 
nickel. The data show ignition of cohalt at 
1454 F (790 G) in clouds and 1238 F (670 C> in 
layers as compared with no ignition of nickel 
at 1832 F (1000 C) under similar conditions. (21) 

Magnesium Alloys 

Ignition in Gaseous and Liquid Oxygen 

The ignition temperature of magnesium 
in oxygen at atmospheric pressure has been 
shown to be slightly below its melting point at 
1153 F (623 C).(3) At 500 psi, the ignition tem- 
perature was shown to be near the melting point 
of 1202 F (650 C). (3) The ignition point of a 
number of alloys has been investigated, (5) 

Parts of the following alloy systems were studied: 
alloys of magnesium with the following metals; 
(binary alloys) aluminum , nickel, antimony, 
silver, bismuth, cadmium, cobalt, copper, 
calcium, indi;nn, lithium, manganese, silicon, 
tin, lead, zinc; (ternary alloys) al\iminum-zinc, 
aluminum-cadmium , cadmium-silver, and 
cadmium-zinc. Except for alloys over 80 
percent aluminiun, these alloy additions usually 
resulted in lowering the melting point and the 
ignition temperature; The ignition temperature 
ranged from 932 to 1112 F (500 to 600 C). Merely 
being in contact with some other metals also 
changed the ignition temperature of magnesium. 
Contact with nickel, brass, and aluminum lowered 
the ignition temperature, while contact with 
steel and silver did not affect it. 

Massive magnesium has been shown to 
ignite in air at the same temperature as in oxy- 
gen. (1) Also, in other oxygen-inert gas mixtures 
the ignition temperatures were found to be 1141 
to 1200 F (616 to 649 C) for 1002-90N2<®J and 
1202 F (650 C) for 2002-80A mixtures. (36) 

Magnesium powder in air as a cloud ignites 
at 1148 F (620 C) and in a layer at 914 F (490 C).(21) 
Other investigations show that the density of par- 
ticles in a cloud affects the apparent ignition 
temperatures. Less dense clouds require high 
temperatures for ignition, ranging as high as 
1292 to 1472 F (700 or 800 C), much above the 
melting point. (7) It has been shown that the 
smaller particles, in the size range of 12 to 70 
microns, may require a higher temperature to 
cause ignition. The ignition tenq>eratures of 
powder clouds in oxygen is about the same range 
as in air. 

Impact studies in LOX show that magnesium 
and its alloys must be considered sensitive to this 
type of ignition. Tests have been conducted on 
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pure magnesium, Mg'-UL alloys , HK-“31 .alloy, and 
AZ-31 alloy. All these alloys were shown to be 
sensitive to impact at the 72 £t-lb level. Reduc- 
tion in the impact force to about 35 £t-lb would 
not be expected to produce any reaction in 20 
tries. (3**) 

In contrast to the above results , magnesium 
did not react when ruptured in 2000-psi mcygen at 
572 F (300 C). Diaphragm-puncture tests with 
MgHK31 at room temperature and 2 to 40 psig 
oxygen resulted in one flash of light in 20 tests. 

At higher pressures of 60 and 100 psig, reactions 
were more frequent, i, e. , 9 times in 20 tries at 
each pressure, These results can be com- 
pared with ignition and burning with titanium and 
no reactions with aluminiun. 

From the above data, it can be concluded 
that though magnesium alloys are not so sensitive 
to ignition as titanium alloys, they are probably 
sensitive enough to be rated as unusable in oxygen 
systems. 

Tin and Lead Alloys 
Ignition in Gaseous and Liquid Oxygen 

The ignition temperature of massive tin in 
oxygen at atmospheric pressure is reported as 
1589 F (865 C), which is above the melting point 
of tin, Likewise, powdered tin teats been shown 
to ignite at 1220 F (660 C) in clouds and 968 F 
(520 C) in layers in air. (21) No data are available 
for massive lead in oxygen, but powdered lead 
has been shown to ignite in clouds at 1310 F 
(710 C) and layers at 518 F (270 C) in air. (21) 

The above data indicate that both lead and tin 
ignite only above their melting points in oxygen 
or air. But, since the melting points of tin and 
lead are low, they could still be sensitive to 
ignition by mechanical sources of energy. 

Tin as tin plate has been shown to ignite at 
as tow as 35 ft-lb impact and react about 2 out 
of 20 times at 72 ft-lb in LOX. Lead alone has not 
been tested in impact but many commercial solders 
have been studied. These soft solders containing 
lead or tin were all sensitive to impact in 1X3X at 
70 ft-lb and most of them at 35 ft-lb. 

Generally speaking, the above results 
suggest that lead, tin, and soft solders should be 
avoided in LOX systems. They may be satis- 
factory in gaseous systems since, due to their low 
strength, they are not usually used under high 
pressures. 

Silver and Silver Solders 
Ignition in Gaseous and Liquid Oxygen 

No ignition data are available for silver in 
oxygen or air. However, thermodynamic data 
indicate that the oxide is unstable at moderate 


temperatures. These data, coupled with the loca- 
tion of silver in the periodic table, suggest that 
silver will not ignite easily. 

Drop-weight impact data on silver solders 
show that some of these schlers, usxially the 
higher melting types are not impact sensitive at 
the 72 ft-lb level in LOX, Silver plating on 
stainless steel was not impact sensitive. (^’' 

Other Metals and Alloys 
Ignition in Gaseous Oxygen 

Ignition temperatures for both massive and 
powdered forms of a variety of other metals are 
given in Appendix A. These include antimony, 
barium, beryllium, bismuth., boron, cadmium, 
calcium, chromium, lithium, manganese, molyb- 
denum, sodium, strontium, tantalum, tellurium, 
thorium, tungsten, uranium, vanadium, and 
zinc. Either from actual data on massive metal 
or inferred from powder data, the following 
metals are expected to ignite below their melting 
points: barium, beryllium, calcium, strontium, 
thorium, vanadium, tantalum, chromium, molyb- 
denum, tungsten, uranium, manganese, silicon, 
and boron. The following probably would ignite 
above their melting points: lithium, sodium, 
potassium, cesium, platinum, gold, mercury, 
antimony, bismuth, silicon, and tellurium. 

Though the metals in the second group, which 
also includes nickel, copper, aluminum, and 
cobalt, possess the desirable property of igniting 
above their melting points, some of the melting 
points are so low that their use is limited. Con- 
versely, some metals in the first group may be 
relatively insensitive because they have a high 
melting point and ignite only slightly below these 
temperatures. These exceptions include beryllium, 
chromium, and possibly columbium, tantalum, 
molybdenum, and tungsten. 

THEORETICAL ANALYSIS Aim CALCULATION 
OF IGNITION TEMPERATURES 

Basic Data Required 

The theoretical evaluation of the coici- 
patibility of metals with liquid or gaseous o:rygen 
involves a number of thermochemical and thermo- 
physical constants. Data for these constants are 
available in the Uteraliure but are widely scattered. 
For this reason, the data were collected in this 
section in tabular form. A discussion of the data 
and their application follows. 

Thermochemical Data for Metal Oxides 
of Interest 

In Table 3, the standard heat of forma- 
tion, nHf, of the metal oxides is shown at several 
temperatures. The negative value indicates that 
the metal reacts exothermically, that is, heat is 
evolved in the oxide formation. The negative sign 
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1. 1ft ssnerftl, nctftl vltii a hiipi parcantaBa o€ Blakai 

aueli aa Hanala and Xaeottala luMra tha highaac vaaiataaea ta 
aoafeaa&ian. 

t. Bia raaiataaca to eoaimation appaatad to ba ralatad to tha 
.pareafttata of iron in an alloii'. 

3. Tha also of tha natal saapla will affaet Ita raalatanea to 
ccwbuation (o.g. tba nora aubdividad a natal apaciacn, tha aaalar 
it will isnita). 

fha rasulta of Doan and Shca^pson rafarrad to aariiat vara evaluatad 
in ragard to tha ralativa rasiatauea to ignition and coainaation of' aach antal 
taatad and the natala are liatad in Xabla 1 in tha order of their daeraasing 
raaiatanea^ with tha nost raaiatant na^l at tha top of the list. 

The ralativa raaiatanea of natala as daterad^d by tha "Velocity 
Inpaet Teat" and the "Ktonotad Igoition Teat’" at Linda are also listed in 
Table 1 for eonparison. It shoiild be pointed out that there aiitpbf ha aooa 
shifting in tha position of the natala in tha "ftonotad Ignition Test" colunn 
bacausa in those cases where -two or a»ra natala showed ainilar raaiatanea to 
ignition, the violence of tha coahaatii» dataminad tha position. Mao if a 
large enough niihbar of tests ware to be perfomad on aach antel, statistically 
the position of a natal night be changed. 

Of particular intaraat ia the position oceupiad by aluninun. Dean 
and Thoopaon* a work would place it at tha top of the list whila it it at tha 
botton of the list in the Linda itaata. This is no doubt due to the fact that 
Dean and ^onpson only haatad tha tuba to ita nalting point. Orosaa and 
Convey ^ have shoim tha ignition tanparatura of alimliutn to ha > 1000* C 
which ia considarabiy above its waiting point of €d0* C. Aluninun ia at the 
botton of tha ladder on tlM Linda tests baewasa of ita violent reaction once 
it baconas ignited. 

Zt will be noted that nickel and copper alloys are at the top of tha 
list in all three colunna. 

For the present investigation, natala and alloys wars seleeted which 
would ba representative of nateriala already tested in oxygen prassuraa up 
to 2000 pal. Results at 7500 psi could thus ba eonpared to those obtained at 
the lower pressures. Additionally sons other natala were chosen because of 
their possible usefulness In high pressure syatens. 

Tha natala and alloys selected for teat, the naltins point of aach, 
and tha reported ignition tenporature in oigrian are presantad in Table 2. 


Tha nateriala of construction and tha daaign of the aguipnant to be 
used in the teat progran was an araa that racaiyad considarabla attention, 
laeausa of tha intrant hasarda with gaaaous oyygen and the sse^ificatlon of 
these hasarda with 7500 psi ojgrgan, it waa nacaaaary to aolact those nateriala 
which would ba eonsidarad ralatively safe by praaant available knowladga. 
Conseguantly nickel alloys ware usad in all cricical pieces of sppsratos. 

This resulted in considerable delay in initial construction of eguipnent. 
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thc£ results vere significantly different frost tiiose obteined in the 2000 psi 
tests in thst the weight of neqprene required to bring about cosdmstlon of ithe 
laetal was less. This was attributed to the geoawtric configuration of the 
h(mb, the physical position of the sietal speciwen in the test tube during' 
preliadnary tests, and the difference in otqrgen pressures. All of thesa 
factors would favor the blanketing of the sietai speclsKn by the ignition products 
of CC^ and H 2 O forsMsd during coubustion of the neoprene. At the Iserer pressure 
of 2000 psi the coshustioo products would occupy a such greater volua« than 
at 75CK> psi. 

Although the tests at 2000 psi were inforawtive it was necessary to 
develop new parameters at 7500 psi. Original intentions had been to perform 
Identical tests at 2000 psi and at 7500 psi far cos^parison purposes, but tests 
at 2000 psi now had to be eliminated and only the 7500 psi tests were made. 

g,«4,%f,Sa 

1. _ Oiscussion of Test 

After completimi of a nuaher of tests at 7500 psi, a geometrical 
configuration of 5 mlllineters by 30 millimeters was selected as the standard 
sise for the 5-mil metal foil samples. 1^ determining the weight of neoprene 
necessary to coabust, partially ccndmst, stelt, or partially melt a specinen, 
the relative resistance to ignition and combustion was obtained for the metals 
and alloys. 

The metals and alloys have been arranged in Table 4 in order of their 
decreasing resistance to ignition as determined by these tests in 7500 psi 
oxygen. Complete data on the tests is presented in Table 10 of Appendix I¥. 

It had been hopefully expected that we mi|^t be able to extract some 
temperature data from the pressure profiles in the bomb during the Ignitions 
and a pressure transducer was connected into the bomb system. The pressure 
was recorded on a Sanborn 150 recorder which permitted suppression of several 
thousand pounds of pressure and, by means of an attenuator, . the recorder 
could be spanned over a narrow pressure range if it were so desiredj. After a 
large nusber of tests and a study of the pressure profiles, the conclusion 
was reached that prediction of ignition temperatures could not be determined 
from the profiles. A tjrpical pressure profile is shown in Figure 22. 

2. Discussion of lesults 

a. From Table 4 it can be seen that nickel is by far the most 
resistant to ignition (gold and silver excepted) but if enough energy is 
present nickel will bum. 

b. A standard specimen of Monel alloy 400 was never completely 
coobusted so the ataount of neoprene shown In Table 4 to ccxspletely combust 
the standard sise specinen was estimated. The required weight of neoprene 
might actually be higher than the estimate which would improve the relative 
position of Monel 400. 
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TABLE 4 


METALS AMD ALLOTS ASEAMSBD IM IMOISX & SiCBSASXMS 
BESXSTAIRX TO IGMITICH AMD OOM80STXGK IK 7500 ?SI QTVSXH 


Ifetsl or Allogr 


Vclilit: of Moo^ono to Conplotoly 
Coribnst Standard SfoeliMm 
5 ■> X 30 Ml X O.OOS” 


Sold 

Silvor 

■iokoi 

Moaol alloT 400 

Tttllow Brcas (partial cairi»uttloa 

ZttoottOl alloy 600 

Altadsox 

Cofpor 

laeonal alloy X-7S0 
Stainloes stools 


Only Wilts 
Only sMlts 

4S to 56 ^B* 

18 to 19 ng* 

only) 11.8 to 15.2 m 

13.2 wm 

11.0 to 16.4 xi 
10.5 s«* 

9.0 wm 

7.1 to 8.5 X8 


*Bstlasitod from rosults of a nuriior of tosts vhicb wsro olthor stondord with 
only port of tho apoelaxa eonsnnod or worn not standard and oithor couplets 
or partial conbustion occurred. 



FIGURE 22. FRESSURE PROFILE OF FROHOIED IGMITIOM TEST 
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c. It hes been possible to deisonstrste with sosks of the sMstels 
(e.g. copper, bress. Monel 4IK>, end nicbbl) that ignition can be started and 
part of the spectasen coabusted vithout consuwing all of the specinett. By 
varying the wei|h£ of ne^rene only slij^tly, it has been possible to coobust 
a snail part of the speciwen, a large part of the spectnen, or all of the 
speciaen. This is characteristic of these atetals and desMMistrates their 
ouenching effect once ignition has started. This is no doubt due to the Icwr 
heats of coidHistion of these naterials. Beidence of this is shown in Figures 
26, 27, 29, and 30. figuras 23, 24, 25, 28, 31 and 32 show other ignition 
results. 


d. bead was not listed in Table 4 because 12^6 ng of neoprene 
aelted the speeinen into e hell with very little oxidation and no further 
tests were run. Therefore it was difficult to position it in the table. 

e. Aluninum was tested With two different anodised surface thicko 
nesses and also with what was thought to be nomal surface condition if just 
exposed to the atswsphere. The aaount of neoprene necessary to ignite the 
aluaimm was not as clear cut as with other isetals. However a range was 
established between 11.0 and 16.4 lag. Once ignited, the aluainua burned 
violently. 


f. Gold and silver required aore neoprene to salt the speciaens 
than was required to ignite aost of the other aetals. 

g. Brass had hi^h resistance to ignition but it was always heavily 

oxidised. 

h. Stainless steels were least resistant to ignition. 

i. Saaples of stainleas steel enclosed in 5-all Kel-F and 5-nil 
Teflon FEP were tested. This was intended to iiaulate a coating of these 
oaterials on the netal. Coaplete ignition occurred in all cases. 

J. Two saaples of aluainua coated on one side with Xel-F were 
tested. The lel-F disappeared in one case without ignition and ignited in 
the other case. The aluainua was not affectad in either case. 

3. Bvaluation of Test Baaults 

a. With the exception of aluaini», results of these tests generally 
agree with those previously aade at bindc in 2000 psl oxygsn and with those of 
Dean and Thoapson (3). (See Table 1.) 

b. Nickel has the hii^st resistance to ignltitm and coabustion. 
Therefore it would be the firat choice for construction of a high prassure 
oxygen receiver froa the standpoint of coapatibility with oiqpgen. 

c. Monel alloy 400, Inconel alloy 600, and brass, would be rated 
as the next best leaterials. 
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Thi: Databook will serve its purpose if you find 
information in it which helps you make a technical 
decision in minimum time or solve a problem 
in your production operations. It is based on 
what has been one of our most popular features 
in Metal Progress— our monthly Data Sheets, 
in which we present practical information on the 
selection of materials for design and on their 
processing and fabrication. 

We can always count on an impressive number 
of requests for extra copies each time we 
publish a Metal Progress Data Sheet. And we 
can always count on compliments from readers 
which add up to. “this is a compact way of 
conveying a wealth of useful technical informa- 
tion on specific subjects.” Also, one question 
has been asked with great regularity: "Are 
Metal Progress Data Sheets available in 
separate form? This would add to their utility 
to us.” Thus, this volume is published in 
response to the need expressed by many 
engineers to have information of this type 
readily available in book form. 

The Databook contains recent information on the 
100 subjects covered. Part I deals with 
practical information on the selection of 
materials in design applications. Part II 
comptises five divisions with individual sections 
devoted to heat treatment, forming, welding, 
machining, and finishing. You will find a table 
of contents on the divider preceding Part I on 
materials in design and on the dividers preceding 
each of the five sections comprising Part II on 
processing and fabrication. Plastic paper 
is used for the pages in the Databook to provide 
resistance to tearing and soiling, which might be 
encountered in frequent use. The sheet 
is also resistant to water and oil. 

The engineering and economic requirements of 
materials performance are constantly changing 
and becoming more demanding. The materials 
and process engineer must continually examine 
his basis for selecting materials, for evaluating 
their properties, and for determining their 
processing and fabricating characteristia in 
light of the most recent information. Thus 
keep in mind that in a sense this Databook is a 
do-it-yourself reference book. In fact, 
we regard this as a strength. You can keep it 
current by adding new Data Sheets to it as they 
appear in Metal Progress. 
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AISI-SAE Standard Carbon Steels 

Frat-MacliiiiiBg Grides Nomiso 


NomisiiifBrized Grades 


Composition t, % 


Composition t, % 


AISI 1 
No.* 

C 

Mn 1 

P 

1 

S 

SAC 

Na 

1109 

038 to 0.13 

^ 1 

! Resulfurized 

060to030 1 0340max i 

036 to 013 

1109 

1110 

038 to 013 

030to030 

0340 max 

038toO13 

— 

Bllll 

013 max 

0.60 to 0.90 

037 to 012 

020 to 015 

_ 

B1112 

013 max 

0.70 to 130 

037 to 012 

016 to 023 

1112 

B1113 

013 max 

070 to 130 

037 to 0.12 1 

024 to 023 

1113 

1116 

014 to 020 

1.10 to 1.40 

0.040 max 

016 to 023 

— 

1117 

0.14 to 020 

130toU0 

0.040 max 

036 to 013 

1117 

1118 

0.14*0 020 

UOtoliO 

0.040 max 

036toO13 

1118 

1119 

auto 020 

1.00 to 120 

0340 max 

024 to 033 

1119 

1132 

027to0J4 

125 to 135 

0.040 max 

036 to 013 

1132 

1137 

032to0J9 

126 to 135 

0340 max 

036 to 0.13 

1137 

1139 

025 to 0.43 

125 to 135 

0340 max 

0.13 to 020 

— 

1140 

037 to 0.44 

0.70 to 130 

0340 max 

036 to 0.13 

1140 

1141 

037to045 1 

125 to 135 

0340 max 

006 to 0.13 

1141 

1144 

0.40 to 0.48 

125 to 135 

0340 max 

024 to 023 

1144 

1145 

0.42 to 0.49 

070 to 130 

0340 max 

034 to 037 

1145 

1146 

042 to 0.49 

070 to 1.00 

0340 max 

006 to 0.13 

1146 

1151 1 

0.48 to 035 

0.70 to 130 

0.040 max ! 

036 to 0.13 

1151 

1211 

Resulfurized and Raphespherized | 

i 0.13 max 030 to 0.90 1 037 to 0.12 1 0.10 to 0.15 1 

1 

1212 

013 max 

1 0.70 to 130 ! 

037 to 0.12 1 

016 to 023 

1112 

1213 

0.13 max 

1 0.70 to 130 : 

037 to 012 ; 

j 024 to 023 

1113 

1215 

009 max 

0.75 to 135 ! 

0.04 to 039 j 

1 026 to 025 

— 

121.144 

015 max 

' 085 to 1.15 

1 ' 

034to039 

026 to 025 

— 


* Prefix B indicates acid bessemer steel; others are made 
by the electric furnace, open hearth, or basic oxygen furnace 
proc esses . 

t When silicon is required, the following ranges artd limits 
are commonly used; for nonresulfurized steels: up to 1015, 
IU0% max; 1015 to 1025, 0.10% max, or 0.10 to 0J0%, or 0.15 
to 0J0%; over 1025, aiO to 0.20%, or ai5 to 0J0%; 1513 to 1524, 
ai0% max, or aiO to 0.20%, or ai5 to 030%; 1525 and over, 
OlO to 0.20%, or 015 to 0J0%. For resulfurized steels: to 1110 
010% max; Ills and over, 010% max, or 0.10 to 020 %, or 015 
to 030%. It is not common practice to produce resulfuriied 
and rephoaphorlzed steels to specified limits for silicon be- 
cause of its adverse effect on mechinebllity. 

Copper can be added to a standard steel. 

to IS to 035% Pb. When lead is required as an added 
e l emen t to a standard steel, a range of 015 to 0J5%, induahre. 
Is ■enerally used. Such a steel is identified by inaerting the 
letter "L” be t we en the second and third numeral of the AISI 
number. 

I SAC ISXX designotlons (with the esceptlon of 1511, 1511^ 
1522, 1525, and 1S2S) were formarfy SAC lOQL The AISI 
has approved these high* menganeae carbon ateel c o m poet* 
tlorrs and M will publiah them shortly. The grades are 
ippMCMMV onfj IP MififiintinM pfPOM CH fOr TP9|pn^ 10 noi 
rolled and oeM flniahed bars, to wire rods, and to seamleas 
tubing. 

Seuroaai America n Iron S Steel Institute, Now Vorhi SAC 
Standard >4Bk. 


P 1 S 
Max Max 


I OlOmax 
0.06 to 013 
0.10 to 015 
0.10 to 0.16 
013 to 0.18 
013 tu 0.18 
015 to 0.20 
0.15 to 0.20 
015 to 021 
0.15 to 0.20 
0.18 to 0.23 
0.18 to 0.23 
0.18 to 0.23 
0.18 to 0.24 
0.20 to 0.25 
0.19 to 0.25 
0.22 to 0.28 
0.23 to 029 
022 to 028 
022 to 029 
022 to 029 
025 to 031 
028 to 034 
032 to 0.38 
030 to 037 
1032 to 038 
035 to 0.42 
037 to 0.44 
,037to0A4 
I 036 to 0.44 
l0.40toa47 
0.40toa47 
0.43 to 030 
I 0.43 to 030 
I 0.43 to 030 
j 0.45 to 0.51 
0A4to032 
|(M6to033 
I 0.46to035 
0A5to036 
a47to036 
0Jito035 
;030to030 
035 to 035 
035 to 035 
030 to 0.71 
035toa75 
035to0l7f 
0.72 to 035 
a75to0Ji 
0J0tobt3 
035to0JS 
!0J0tol33 


030to030 ' 
030to030 j 
030 to 0.60 ! 
1.10 to 1.40 I 
030to030 
030 to 090 ! 
030 to 030 
030 to 0.90 
1.10 to 1.40 
aTOtol.00 
030 to 030 
030 to 0.90 
0.70 to 1.00 
1.10 to 1.40 
030 to 030 
135 to 135 
030to030 { 
j 0.80 to 1.10 
030 to 0.90 I 
1.10 to 130 I 
120 to 130 
0.60 to 0.90 
! 030 to 0.90 
' 030 to 0.90 
I 120 to 130 
0.70 to 1.00 
' 030 to 0.90 
; 0.70 to 130 
, 0.60 to 0.90 
I 135 to 135 
: 0.60to0J0 
i 0.70 to 130 
I 030to030 
03Oto0J0 
I 0.70 to 130 i 
135 to 135 
1.10 to 1.40 
030toa90 
030toa90 ' 
^ 035 to 1.15 
120tol30 
' 0.70 to 130 
' OJOtoCJO 
, 030toOJO : 
I 0.75 to 135 I 
' 035 to 1.15 
030toaS0 
lOOtoUO 
0J0to030 
030toaS0 
' 630IO0J0 ' 
030to0J0 
0J0to030 ' 


0.040 ' 

0.040 ' 

0340 I 

0.040 \ 

0.040 I 

0340 

0.040 

0.040 ' 

0.040 I 

0.040 j 

0340 

0.040 

0340 

0.040 

0340 

0.040 

0.040 

0.040 

0.040 

0.040 ' 

0.040 I 

0340 

0.040 

0.040 

0.040 

0340 

0.040 i 

0.040 

0340 

0.040 

0.040 

0340 

0340 

0340 

0340 

0340 

0.040 

0340 

0340 

0340 

0340 

0340 


0340 
0340 
0340 : 
03(0 { 
0340 ! 
0340 I 
0340 ' 


0.050 

0350 

0.050 

0.050 

0.050 

0350 

0350 ; 

0350 

0.050 

0.050 

0.050 

0.050 

0.050 

0350 

0350 

0.050 

0.050 

0.050 

0.050 

0.050 

0.050 

0.050 

0.050 

0.050 

0350 

0360 

0.050 

0350 

0.050 

0.050 

0350 

0350 

0.050 

0350 I 

0350 I 

0350 I 

0350 , 

0 <yy) I 

0350 ' 

0360 

0 0 5 0 

0350 
0350 
0350 
0350 
0350 I 
0350 
0350 ! 
0350 1 
0350 i 
0350 ! 
0350 , 
0050 ! 
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Typical Properties 
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Correlation of SpecificatkMS for Stainless Steels 

By J. Gordon Parr and Albert Hanson* 


Many et Hm Gomm(w eomsoatieN ranfn ol 
wranfM lUmles stMb art dassIM ai stand- 
are AISI (Amarican Iran and Staal InsMtria) 
typat. The AISI iwmbar dasir>alas a spaa- 
Kad cnmpMitiOA raA|a baaad on ttta ladia 
analysis of Nw staal. The Sootly of Aalomo- 
ti«a Eniinacra (SAC) osas a A«n-di|it system in 
which tha last thraa digits corraspond ta the 
AISI namber. The nambers in aither system 
offer no rtfional ctaes as to composition except 


that tha aastamlic sarias in the AISI system 
begins with the nambar 3; the m an g a n ese -sab- 
stitatad aastemtic staals bagin with a 2 (thara 
are only two sach standard steals); both ferritic 
and martansilic dassat in tha AISI system 
begin with the nambar 4, and the lawar nam- 
ben in the martansitic ciass ha«o a lower car- 
bon content. 

Spadbeations of the AHay Casting InstHnta 
(ACI) refer exdasivaly to cast aNoys. allheagh 


same of the ACI allays appraaimate oomposi- 
lionsafwraoghlalfeys. Tha Amarican Sodaty 
for Tasting and Materials (ASTM) calls for 
reqeiramants in addition to compositMn 
indading mochanical properties, heal Iraat- 
menls and tasting procadarts. 

*Adapled from tha book by tha aathors. "An 
Int r odadion to Stainless SteaT, pnbbshed by 
the American Socialy lor Metals, Metals Park, 
OhM. 


Wraapd Allays | Cast ARoys 


AISI 

SAC 1 

ASTM 

SAC 

ACI 

ASTM 

Martansitic 

403 

51403 1 

: 

Plate, sheet, strip: AI76 
Bars, bibats: A276 

- 


- 

410 

51410 

Plate, sheet, strip; A176, A240 
Bars. Mbets: A276 
Pipe, tabs: A264 

60410 

CA-15 

A2X 

414 

51414 

Bars, bilels; A276 

— 

— 

— 

416. 

416Se 

$1416, 

51416Se 

Bart, billets: A276 

— 

— 

— 

420 

51420 

Bars, bilfels: A276 

60420 

CA-40 

— 

431 

51431 

Bars,biRtts A276 

- 

— 

— 

440A. 

4408 

440C 

““ 

Bars, billets: A276 

1 



A2S6 

Farritic 

405 

$1405 

PWe, disel, strip: A240 
Baa billelt; A276 
Pipe, take: A2«B 


— 

A351 

430. 

430F, 

430SeF 

51430. 

51430F, 

S1430S«r 

Plalc. Meal, drip: AI76, A240 
Bars, bilels; A276 
Pipe, take: A26I 




442 

51442 

Plate. Meal, drip; A176 
Baa hdMb A276 
Flpa.lBbe:A2BI 

60442 

CB30 

A2S6 

444 

51446 

Plala, shad, drip: AI76 
Baabiffsls A276 
Pipe, take A26I 

70440 

HC 

A2B7 

_ 


Aaatnn IB e 


301 

30301 1 

PMe. sheet, strip; A1B7. A264 (dad) 


— 

— 

JK 

3BM2 

Plele. sheet, drip: A167, A24B, | 

A204(dad) 

Baa Mans A27I. A3I4 | 

i ~ 

\ 

CF-2B 

I 

1 

ADI 

1 

JB2B 

. 3BMIB 

. PMIe, sheet, dnp: AM7 ! 

' Baa bdMIa: A27A AIM [ 


HF 

1 

A207 

M3. 

JBISe 

3193. 

ynnf 

1 BaaMBds:A27AA3l4 
j NaM. baffs; AlOt. PBB 

— 

cr lor 

A206 

301. 

30104. 

1 PMie dwel. sinp At67. AI77, 

0004. 

CF-O. 

A2M, 

3041 

j 

i 

. IH041 

1 

: 1 

1 A140.A204 

! aaaMBslt:AI7AfU14 
PIpp labe : A233. A240. A200. A2M. 

A27t,A312,A30B.AS70 
NnllbaaiAI03.AIM.AM 
rergapkOMMS AU2. A134 

» 

1 

1 

CF-3 

! 

1 

1 

AJOl 

1 

300 

9310 1 

1 

i FMII. dWel. SbM: A240 
BaaMNsis;Al)4 
Pipa.MBa:A24t 

Fide. dwai. ddp: AM2. A204 1; 

8aaMMa:A270,All4 

1 L 

-- 1 

- ! 

1 

MO 

3B1P1 

1 _ 




WrsagilAleys j 

Cad Alleys 

AISI 

SAC 

ASTM 

SAC 

ACI 

ASTM 

305. 

305S 

30305. 

30305S 

WeMini ciadrodes; A256 
Plait, sheet, drip; A167, A240. A264 i 
Baa biNets: A276. A314 1 

Pipe, tabe; A24S. A312. A35S 
Welding eledredts;A258 

60305. 

70309 

CH20, 

HH 

A296, 

A297. 

A351 

310. 

310S 

30310. 

30310S* 

Plate, sheet, drip; A167. A240, A264 1 
Bars, bibels; A276. A314 i 

P pe.tabe .A213. A249.A312, A350 | 
Forgets. Mtiags: A1S2. A336 
Weldini eledradcs: A250 

60310. 

70310 

CK-20. 

HK 

A296, 

A297, 

A35I 

314 

M314 

Baa bilMs: A314 

— 

— 

— 

316, 

3ia 

30316. 

30316L 

Plate, sheet, drip: A167, A240, A264 
Baa biOcIs : A276. A314 
Pipe, tabe: A213. A245, A269, 

A312. A3S6. A376 
Nats, bolls : A103 
Feriinct. Mtiiifs: A102. 336 

WWIn| fllCuwPVS, AOS 

60316, 

60316L 

CF-3M. 

CF-8M. 

CF-12M 

A296, 

A351 

317 

30317 

Plate, shaft, drip; A24C 
Baa bdWs: A314 
Pipa, taba; A240, A2B0. A3U 
Wetteni eledredas: A2S0 

«Q17 

CC4M 

A296 

91 

30321 

Plate, shad, drip; AI67, A240. A264 
Baa biOals: M76. A3I4 
Pipa, taba: A213. A249. A2B5. A27I, 
A3I2, A350. A376 
Nats, bans; A130. AIM, AM 
Fargegs, Oteegi: AU2. A336 

“ 

_ 


347 

30347 

Plalf. dWfl. drip: A167. A240, A264 

Baa Mitels: A27B. A314 

Pipa. taba: A2I3. A249. A2B5, A271. 

A2M.A3Sd.A376 
NalS.baBs A1I3. AIM. AM 
Ffigags. MbMi: AI62. A3I6 
MaHteg elidradfs: A2M 

60347 

cr 1 C 

A2M. 

A35I 

340 

919 

PMIt. dwM. drip : M40 
Baa bIMi; A27I. A3U 
Flpa.labf:A2l}.A240,A2Mi 
AM, ASTI 
Natal bail: AM 

’ 

f 
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SAE Staidard Mloy Steel Coniiio^ons (B»t, Blooms, Biots «mi sms) 

SAE J404C, Revised July 1964 


SAE 
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eiHfwHiai.'*K 


c 

Ha 
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a 

Si 

M 


Cltor 

: «¥iifc 

U3S 

0JS4133 

U5U0 

AIRS 

(UM8 

02006 

__ 

_ 

... 

136 

!33S 

&SMUS 

140-ia 

046 


02006 



... 

13S 

UN 

0JSO43 

140-U0 

9AS 

•46 

0200J5 



_ 

66 

ia*$ 

043431 

140-UO 

OjOSS 

060 

02006 

— 

— 

Mi 

136 


O0(MU4 

07S-UH 

ftfiSS 

046 

02006 

.. , 

__ 

915025 

«a 

•m 

020-025 

oTooa 

0435 

060 

020035 




06039 

ma 

«» 

020025 

(UOO» 

em 

965486 

02006 



9696 

m» 

«27 

025030 

OTo-oa 


060 

02006 



06-96 

tm 

«S 

025030 

O30-0J0 

065 

0435446 

02006 

__ 


•696 

4oa 

«32 

030035 

070050 

043S 

Afitfl 

02006 

— 


02096 

M. 

m 

035040 

ojooa 

04S 

046 

020035 



02096 

«Q7 

noa 

040045 

0700JO 

0835 

AM 

82006 

•>» 

Mi.. 

82096 


mi 

045050 

070050 

0035 

046 

02006 

— 

... 

0696 

657 

41U 

011023 

oTooa 


046 

82006 


95096 

06915 

416 

4130 

02SO33 

0400« 

00» 

846 

•2006 


830-LU 


416 

4133 


oTooa 

eos 

046 

02006 

— 

030-I.n 

91506 


4137 


OTooa 

OAS 


02006 


06-1.6 

91598 

<137 

41« 


0751« 

Qj035 

960 

•2006 


0J0-L6 

91506 

4M 

414t 


075UO 

046 

006 

02006 

— 

96-1.6 

04506 

4MZ 

4145 


075ia 

ms 

046 

02006 


•6-1.6 

91506 

416 

4147 

045050 

0751M 

0435 

OlMfi 

02006 


910-1.6 

91506 

4147 

41» 

04toa 

on-ia 

0435 

060 

02006 


96L6 

0.15-06 

460 

4»1 

0.SMU5 

075-140 

0A3$ 

006 

82006 

— 

06-96 

06935 


43» 

017022 

94506 

0435 

869 

820-06 

U5-26 

95006 

02096 

436 

43H 

0300CI 

eoooa 

OftM 

096 

82006 

1.9506 

0696 

0696 

436 

0340 

030043 

OS5935 

OJKS 

0425 

02006 

US06 

82006 

82006 

E436 

44» 

0UO2S 

0.4506 

04S 

046 

92006 




0.5596 

as 

«22 

020-025 

9.7006 

fl<m 


02006 



93506 


4427 

024020 

cjQ-sa 

0435 

046 

02806 

— 

... 

93506 


465 

013010 

04546 

9435 

046 

82006 

LB06 


0606 

486 

«17 

015020 

04506 

0435 

046 

02006 

1606 


02006 

... 

4S20 

017-022 

04506 

0435 

846 

02006 

1.6-26 

.... 

020-06 

ms 

4621 

010023 

OTO-OJO 

0435 

046 

02006 

1.5506 

... 

02906 

tm 

4IS 

024025 

04506 

0435 

06 Ml 

(UM^ 

06-16 


91506 


4710 

015021 

oTooa 




06-16 

960.S 

03006 

476 

4720 

017-022 

06070 

(LOSS 

046 

06-06 

038-16 

035955 

91506 

479 

«!5 

013OU 

040oa 

0435 


02006 

325425 


020-96 

416 

4117 

015020 

940-06 

046 

060 

02006 

32546 

.~r 

9606 

617 

«S0 

ouoa 

050020 

qjos 

069 

02006 

325425 


9606 

458 

»1S 

012-4L17 

03006 

B&S 

046 

IL2B4Ji 

, 

03096 


66 


030043 

02516 

046 

846 

02006 


92096 

... 



043040 

0J5J6 

0<Hg 

046 

02006 


82006 


6054 

9MS 

043040 

92516 

006 

060 

02006 


920035 

... 

.... 

mm 

944040 

07516 

UK 

068 

•2046 


02996 

... 

966 

«wn«T 

841051 

02516 

008 

846 

02906 


92096 


686 

«fMV| 

0S5OH 

on-i6 

846 

006 

0806 


95006 

.... 

96MI 

Sl» 

013010 

07006 

065 

068 

02046 

,, , 

970-96 


MM 

ssai 

017-022 

02006 

AftK 

006 

02006 


928-96 

... 

sue 

3431 

i2t-A» 

0606 

OJM 

006 

0.2046 


940-1.6 

... 

516 

3132 

030030 

00506 

em 

096 

02006 



025-16 

... 

5132 

5135 

033030 

0606 


096 

02006 


030-16 

MM 

516 

5HS 

030043 

07006 

046 

946 

02006 


97096 

MM 

SMO 

sm 

049041 

0.7006 

096 

969 

02006 


02006 

... 

5145 

m 

aaoa 

07006 

006 

096 

92006 


06-US 


516 

sm 

•4COSO 

07006 

046 

006 

02006 

w 

97006 

.M. 

560 

sm 

osoa 

07006 

006 

096 

02046 

». 

0.7006 

... 

516 


osooa 

07516 

toss 

946 

02006 


02006 

— 

516 

lUNor 

osooa 

02516 

046 

006 

0200.6 


02006 

— 

ilMI 

wS 

oa-uo 

03546 

065 

0125 

92006 

, . 

02096 



oa-uo 

02546 

065 

098 

02006 


I.6U5 


0161 

KNO 

o»La 

02546 

065 

048 

02006 


130-16 

» 

0261 

am 

010021 

050070 

06S 

069 

0606 


9696 

96915 

66 

urn 


02006 

861 

•65 

92006 

— 

96-1.6 

9.U 

ma 

sue 

HS 

aittf 

otooa 

0200.6 

•65 

065 

92006 

9SM6 

AM-AHi 

0IM.1S 

»6 

00048 

07516 

006 

965 

92006 

92006 

9696 

940915 

ao6 

ma 

OlOOM 

0606 

061 

056 

920-06 

960.6 

02006 

91506 

MM 

mr 

oiooa 

MC021 

017046 

•46 

006 

91006 

9696 

12096 

91506 

Htt7 

■V 

0606 

146 

006 

0200.6 

•606 

9696 

91506 

IMP 

tm 

oaoa 

07006 

•61 

060 

02006 

•6-978 

•2096 

91506 

162 

ms 

020030 

03006 

006 

006 

92006 

9606 

•2096 

91506 

•Ml 

s 

oaoS 

0606 

07006 

006 

ooa 

iss 

0606 

•2006 

91006 

95006 

02096 

12096 

9U06 

91596 

•67 

am 

SS^ 

07516 

ooa 

•60 

0606 

02096 

•2096 

91196 

m 

aoo 

02516 

•61 

056 

9606 

0606 

•2006 

91596 

lOO 

OM 

040«a 

07516 

060 

•65 

52006 

8606 

9696 

•606 

•2096 

9696 

66 

aa 

lunoa 

07516 

•61 

565 

95096 

9606 

IM 


041048 

06-16 

•65 

056 

52006 

02096 

•606 

91506 


nw 

MHH 

07516 

865 

006 

02006 

•606 


9696 

MM 

S 

oaoa 

8.6-16 

565 

061 

0|M6 

5606 

52096 

9696 

6M 

uooa 

•2516 

565 

061 

02096 

•2006 

9606 


m 

otooit 

0606 

056 

016 

•606 

95096 

I20«6 

•69a 


$m 

OJOI4I 

06-16 

561 

165 


12096 

02096 

96«6 

m 

0»0» 

02516 

065 

OW 


52006 

•2096 

•6120 

MB 

«ri 

«aoa 

ottoa 

iloii 

0606 

07006 

07516 

•61 

•65 

165 

006 

056 

560 
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wB 

aa 

MM.U 

8646 


lUHS 

52506 

1696 

140-16 

•6911 

MM 

aaMaOu- 

MBlsr 

SSSo* 


06-16 

07516 

07516 

•46 

8ia 

•65 

•61 

961 

069 
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0606 

9606 

9696 

•696 

5696 

•696 

•696 

•606 

•696 

04596 

•4196 

6117 
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H-Steei 


Compositions 


(a) H-stvels contain 0^ to 0J5% Si, cx> 
capt for S260 H. Maximum ptmaphortic 
and sulfur conttmts for «aeh sttcimakinf 
proeast art at foitoMS: basic <Mtctri(^ 
0JS2S P, 0.025 S; basic open tiaartb or 
basic oxystn, 0,035 P, OMO S; acid a!sc- 
trie, 04150 P, 04)60 S; acid open ttaaith, 
0480 P, 04^ S. Minimum Silicon limit 
for acid open hearth or acid tieehic 
furnace alkiy steel is 0.15%. Small quam 
tities of certain elaments are pment in 
alloy steals which are eensiidared at 
incidental and may be present to the 
Miowinf maximum amounts: 0.35 Cu, 
OJIS Hi, 0.20 Cr, mid 048 Mo. Standard H- 
steels can be prochicad 0.15 to QJi% 
Pb. Su^ steels ate identified by insert- 
ing ttw lettm beteman the sacorid and 
third mimerals of the AiSI number. A 
ladle analysis fw laad is not datormin- 
abla, tinea lead it added to the ladia 
stream while each Iniot is pouted, (b) 
Pasulfurizadi 0^ to 0480% S. (c) SAE 
destinations only. 4626 H is AISI on^. 
(d) Electric furnace steel, (e) 04X85% 8 
min. (01.70 to 248% SI. 

Source: AiSi Steel Products Mawart, 
FMmjefy 1964, end 1961 SAE Hendbooh 
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,a" 


AiSI-SAENo.(s) 

C 

Mn 

Nt 

Cf 

Other 

1330 H 

0.27-GJ3 

125-2.05 

_ 

_ 

_ 

1335 H 

0.32-OJ3 

1.45-2.05 






1340 H 

0J7-0.44 

1.45-2,05 






1345 H 

0.42-0.49 

1.45-2.05 

— 

— 

Wo 

0.20-020 

4027 H 

0.24-OJC 

0.60-120 




4028 H(b) 

0.24-0.30 

0.60-1.00 

— 


020-020 

4032 H<c) 

0.2341.35 

G.60-1.00 


— 

0.20428 

4037 H 

0.34-0.41 

0.60-1.00 



— 

020420 

4042 H<c) 

0.3941.46 

0.60-1.00 

— 

— 

020429 

4047 H 

0.44-0.51 

0.60-2.00 

— 

— 

0.20420 

4118 H 

0.17-0.23 

0.60-1.00 

— 

0.30-0.70 

0.084.15 

413SH 

0.27-0.33 

0.30-0.70 

— 

0.75-120 

0.IS42S 

4135 H(c) 

0.32-0.38 

0.60-1.00 

— 

0.75-120 

0.15425 

4137 H 

0.34-0.4! 

0.60-1.00 

— 

0.75-120 

0.15425 

4140 H 

0.37-0.44 

0.65-1.10 

— 

0.75-1.20 

0.154.25 

4142 H 

0.394i.45 

O.K-1.10 

— 

0.75-1.20 

0.15425 

4145 H 

0.42-0.49 

0.65-1.10 

— 

0.75-120 

0.15425 

4147 H 

0.44-0.51 

0.65-1.10 

— 

0.75-1.20 

0.15425 

4150 H 

0,47-0.54 

0.65-1.10 

— 

0.75-1.20 

0.154.25 

4161 H 

0.5541.65 

8.65-1.10 

— 

0.654).95 

0.254.35 

432QH 

0.1741.23 

0.40-0.70 

1.55-2.00 

0.3545.65 

0.204.30 

4340H 

0.37-0.44 

0.55-0.96 

J.5S-2.Q0 

G.S5-0.S5 

0.204.M 

£4340 K(d) 

0.37-6^ 

0.60-0.95 

1.55-iOO 

0,65-0.95 

0.204.30 

4419 H 

0.17-0.23 

02541.75 




0.454.60 

4620 H 

0.17-0.23 

0.35-0.75 

1.55-2.00 

— 

0.204.30 

4621 H 

0.17-0J13 

0.60-1.00 

1.SS-2.0Q 

— 

0.20-020 

4626 H <c} 

0.23-O.M 

0.40-0.70 

0.65-1.05 

— 

0.154.25 

4718 H 

0.I5-0.2I 

0.6041.95 

0.85-125 

020-0.60 

0.304.40 

4720 H 

0.17-0.23 

0.45-0.75 

0.85-1.25 

0.30-0.60 

0.15425 

4815 H 

0,12-0.18 

0.30-0.70 

320-3.80 

— 

0.204.30 

4817 H 

0.1441.20 

0.30-0-70 

320-3.80 

— 

0.%4.a) 

4820H 

0.17-0.23 

0.40-0.80 

3.20-3.80 

— 

0.204.30 

S0B40H(e)(«) 

0.37-0.44 

0.65-1.10 


020-0.70 

— 

50B44H(e) 

0.42-0.49 

0.65-1.10 


0.30-0.70 


5046 H(c) 

0.43-0.50 

0.6S-1.I0 



0.13-0.43 

— 

S0B46H(«} 

0.43-0.50 

0,65-1.10 



0.13-0.43 

— 

50850 H(e) 

0.4741,54 

0.65-1.10 



0.30-0.70 


50680 K(e) 

0.55-0.65 

0.65-1.10 


0.30-0.70 



5120 H 

0.17-S.23 

0.60-1.00 


0.60-1.00 

— 

5130 H 

02745.33 

V.60-1.00 

— 

0.75-120 


5132 H 

0234125 

0.50-0,90 

— 

0.65-1.10 



5135 H 

0.32-0.38 

0.50-0.90 

— 

0.70-1.15 

— 

5140 H 

0.37-0.44 

0.60-1,00 

— 

0.60-1.00 



5145 H 

0.42-0.49 

0.60-1.00 

— 

0.60-1.00 

— 

5147 H 

0.4541.52 

0.60-1.05 

— 

0.80-1.25 



5150 H 

0.47-0.54 

0.80-1.00 

— 

0.60-1.00 

— 

S1»H 

0.504l.to 

0.60-1.00 


9.60-1.00 


5160 H 

0.55-0.K 

0.65-1.10 

— 

0.60-1.00 



51660 H(s) 

O.K-0.65 

0.85-1.10 

— 

0.60-1.00 

V 

0.10-0.15 

6118 H 

0.154121 

0.40-0J0 


0.40-0.80 

6150 H 

0.47-0.54 

0.60-1.09 

— 

0.75-1.20 

0.15 min. 

Ms 

028-0.15 

81845 H(S) 

0.42-0.49 

0.70-1.05 

0.154)25 

0.30-0.60 

8617 K 

0.14-0.20 

0.60-0.95 

02S4i.7S 

02541% 

0.15425 

M20H 

0.17-0.23 

0.«M).95 

025-0.75 

0254).% 

0.15425 

S622H 

0.19-025 

0.8041.95 

0254)75 

0254);% 

0.15425 

I625H 

0224128 

0.K4).95 

02S-0.75 

0%4).% 

8.154.25 

I627H 

024-OJ0 

0.«M>.95 

0.35-0.75 

0.354).% 

0.154,25 

I630H 

027-023 

0.80-0.95 

0254).75 

0.35-0.% 

0.154.25 

8637 H 

024-021 

0.70-1,05 

a3S4).75 

0254).% 

Q.1S-02S 

8I40H 

027-0.44 

0.70-125 

0.3S4).7S 

0250.% 

0.15425 

8I42H 

0.3941.46 

0.70-i.OS 

G2S4S.7S 

025-0.% 

0.15425 

8145 K 

0.42-0.«l 

0.7D-I.05 

02S4).7S 

0.%4I.% 

0.15425 

tl8dSH(c)(e} 

0.424129 

0.70-1.05 

fe354il,75 

02541% 

0.15425 

86»H<e) 

0.4741.54 

9.78-125 

0%4.75 

a%4).% 

0.154.25 

MS6K 

aso-oio 

0.70-125 

02S4).7S 

025-0.65 

0.I54.2S 

8610 H(e) 

0.5541.M 

0.70-1.0S 

02541,75 

0254).% 

0.15425 

tmif 

0.174l.» 

0.I04I.M 

025-0.75 

025-0.% 

028420 

8740 H 

0.37-0.44 

0.70-125 

0254).75 

0.354).% 

020-020 

88»H 

0.19-0.% 

0.70-125 

0254),7S 

m-oM 

0204AQ 

92MK(I) 

0.M4I.M 

0.85-U0 




t018H(c$CD 

027-0.13 

0.40-0.70 

2.M-3.M 

120-1.45 

9.08-0.15 

9ltl5H(c}(r0 

0.12-0.18 

0.70-1.05 

0254)25 

0254).% 

0.9I4.1S 

9«li?M(i) 

0.144)20 

0.79-105 

02S4).I5 

0254.55 

0.014.15 

9W38K(0 

027-023 

020-lJi)5 

02S41IS 

02S4.S5 

048-0.15 




I. G«lumiisufn «r Vmaditun Croujp 
SAE MlOb, 94SX, 9S0X, 955X, 960X, 965X and 970X 

With added copper there may be limited application to ASTM A24% A347 and A375. Usually these are semikilled steels but 
may be kilted, mrticularly at higher strength levels. 


Producer 

Code 


Composition, % 


Meclioniul Propertsos 


AnK0i45 



Cu 

Cb 

or V 

Yicid, 

Tensile, 

Ekmettion 

(Min) 

(Min) 

(Min) 

IGOOi^' 

1000 Psi 

in 2 In., % 


(o;o2) 


45 

63 

24 



(0.02) 




67 

22 

— 

(0.02) 

— 

55 

70 

20 

(0J25) 

(0.02) 

— 


70 

18 

Opt 

(0.02) 


45 

65 

22 

Opt 

(0.02) 



70 

22 

— 

0.005 

— 

45 

65 

19 



C.00S 




70 

18 

— 

0.005 

— 

55 

75 

16 



0.005 

— 


80 

14 

Opt 


0.02 

42 

63 

20(c) 

Opt 

— 

0.02 

45 

65 

18(c) 

Opt 



0.02 


70 

18(c) 

Opt 

— 

0.02 

55 

70 

17(c) 

Opt 

— 

0.02 



16(c) 

Opt 


0.02 

SS 


15(c) 


0.01 


42 

63 

24 

— 

0.01 

_ 

45 

60 

22 


0.01 




65 

29 


0.0! 

— 

55 

70 

18 

Opt 

0i)l 

091 

45 


25 

Opt 

OJ! 

0.0! 

SO 

65 

22 

Opt 

0.01 

091 

55 

70 

m 

Opt 

0X11 

091 

50 

75 

20 

Opt 

0.01 

0.0! 

65 


18 

Opt 

0.01 

091 

70 

85 

IS 

Opt 

0.01 

0.01 

42 

63 

20(c) 

Opt 

0.01 

091 

45 


19(c) 

Opt 

0i)l 

0.01 

SO 

70 

18(c) 

Opt 

Odl 

0.01 

55 

75 

17(c) 

Opt 

0.01 

09! 

60 


16(c) 

Opt 

OOi 

091 


15 

15(c) 

Opt 

0.01 

0.01 

n 


14(c) 


0.915 


45 

60 

30 


0.015 


50 

63 

30 

0.29 


— 

SO 

75 

20 

0.28 

091 

991 

65 


18 


OjOI 

0.01 

45 

60 

22 

Opt 

0.01 

091 

SO 

65 

20 

Opt 

QM 

0.01 

55 

70 

18 

Opt 

0.01 

091 

10 

75 

18 

0 ^ 

0.01 

091 

65 


17 

Opt 

0.01 

0.01 

70 

85 

16 

Opt 

091 

091 

42 

sr 

25 

Opt 

091 

091 

45 


24 

0^ 

09! 

09! 


65 

22 

Opt 

091 

0.01 

SS 


20 

Opt 

0.01 

09! 


n 

18 

Opt 

091 

091 

6S 

^^bsbb 

16 

00 

0.01 

091 

70 

85 

14 


Y 












































Ndte: Statiii»6raiif idOM(ii»ri!wl(yeoiiltiftmralliMf«iMeip9«;»«alim,tiwiitiiiii«lwrkeDrntkmn«is^^ 

(a) m, 45, W, SS, «, S5 Ikmwd Iq Alan Wood SlMi Cs.; (k) VS5, «, S5 cmtain 19 leCMIlS N; <c} donfitieNi in S in.; (d>0i)12^ It, mX i 















































IL Ltw lia^MHiwt-VatMdiiMR 6mip 

Coppw j» usunHy omitt«d for better temMbfIity 


Hanw 

Pro- 

(htcer 

Coda 

Campoaitfoi!, % | 

Meehanical Prapifties 

Comilen 

Rc^- 

um 

m 

Mn 

P 

S 

Si 

Ca 

other 

(*) 

Yirdd. 

1000 

Pai 

Tamila, 

1000 

Ps 

Bmp- I 

Urn in I 
2 In, 55 ; 

High Stnnith #3 

W!'.V 

jBTTWi 

OJO-8.^ 

0« 

m 

mo 

520 ! 

0412 V 

m 

(60) 

(35) 

2 

HighStnnyte 

IjM 

8.12 

0.75 

0.04 

0J)5 

0.10 

i 

aoiv 

Preoerties to meet spacifk frani- 

1 

iSainiiMf Steal 









ingorebienn 



ML-F 


8.12 

0.75 

(0.02) 

(002) 

025 


0.015 Cb 

(45) 

(62) 

1 <28) i 

lto2 

NAX-nw Grain 

N 

^.18) 

(8.4Q 

(0.01) 

(0412) 

(OJI) 

<ftm 

am 20 

(45) 

(62) 

1 (20) 

1 

Pitt-Ten #2 

PGH 

8.15 

0.75 

0.04 

0.05 

0.10 


04135 V 

Pre|MHtii!i to nieet aoedfie form- 

1 










ingprobiams 



Par-Ten 

US 

0.12 

0.75 

OJ34 

04J5 

0.10 

— 

0j07Vmn 

(45) 

(62) 

(2S) 

1 

YB-Tan 

Y 

0.12 

0.75 

0.04 

OiiS 

0.10 

— 

0411V 

(45) 

(62) 

(28) 

£ . 


(a) Mimimim vnltss othcrwh* spedliad. 


HI. Mmiwiese ani t»ms»(n»’Cv9p9f Gmips 



Pro- 

ducer 

Code 

CompoaitioR, % 

i 

Mechanical Properties 


Name 

C 

D 

i 

1 ** 

s 

Si 

Ca 

(Mio) 

Condition 

i 

i 

Yiaid, 

1000 

P» 

Tonsils, 

1000 

Psi 

Eionp- 

ptioflin 

2IB..5S 

Corrosian 

!ta«'st- 

ance 


A. Mangao^ GroeiH-Copper not ussaify Indiartad 


Shef-Lo-Temp 

ABM 

820 

i 0.70-125 

04» 

8.05 

015220 


HT 

58 

70 

21(a) 

1 

Shef-Sapar- 



i 










LO'T«np 

ARM 

020 

120-U5 

024 

0415 

020-8.50 

— 

HT 

60 

80 

21 

! 

IH “50" 

IH 

822 

i 1.50 

024 

025 

0.70 

020 

— 

50 

75 

20 

2 

LT-75N 

L 

020 

o.ro-125 

04S35 

024 

015-020 



HT 

50 

70 

24 

2 

LT-75QT 

L 

020 

0.70-125 

0.935 

024 

0.1S2J) 


HT 

60 

80 

24 

2 

Lukens 45 

L 

0.20 

120 

04M 

0.05 

— 


— 

45 

85 

24 

1 

SO 

L 

020 

125 

04H 

025 

— 



so 

70 

24 

1 

55 

L 

022 

L35 

0414 

0.05 


' ^ 

— 

55 

75 

23 

1 

60 

L 

022 

1.60 

0.04 

025 

015220 


— 

SO 

88 

23 

1 

NAX-FineGraln(b) 

N 

(IU5) 

(0.79) 

(0218) 

(0017) 

(0.51) 

— 

_ 

50 

70 

22 

llo2 

Cbar-Pac 

US 

020 

0.70-125 

024 

025 

0.15220 

— 

N 

50 

70 

19(a) 

1 









wQliT 

60 

80 

23 

1 

Con-Pac 

US 

020 

14X3-1.SO 

024 

025 

0202.60 

0.^ 

Q*T 

80 

100 

IS 

2 

TowarSO 

/U.G 

023 

120 

024 

0.05 

— 





so 

75 

17 

1 

55 

AL« 

023 

L65 

824 

0.05 


— 

— 

55 

80 

17 

1 

60(c) 

AL6 

023 

m 

0.04 

04» 

— 

— 

— 

60 

80 

16 

1 

StraniitaSO 

SC 

023 

IM 

04M 

025 

I “ 

— 'i 

— 

50 

70 

17(a) 

1 

0. Manpiww-Cpii 

larGraato- 

ASTMA440 

l,SA£9S0C; 

Jmitadapp 

1 

icaliMtori 

ISTMA242 

andA37S 






K|^Stici4te#IS 

ARM 

025 

i 1.I0-1J0 

0245 

025 

025 

P3» 

K 

50 

70 

22 

2 

#411 

ARM 

025 

1.10-1.10 

0245 

025 

OlO 

U20 

SK 

SO 

70 

22 

2 

Sht(-Ten(d) 

ARM 

028 

I.IO-IJO 

0245 

025 

020 

020 


SO 

70 

18 <i) 

2 

|led.li*OW40) 

B 

028 

1.10-i.a 

0.04 

0.05 

020 

020225 


50 

70 

20 

2 

Hi-hlM 

IN 

025 

U0-1.M 

024 

025 

020 

028 

SK 

SO 

75 

22 

Z 

W-RilM 

IN 

025 

1.10-1.60 

024 

025 

030 

020 

X 

SO 

75 

22 

2 

Hi-44e 

IN 

828 

1 . 10 -i.n 

024 

025 

020 

028 

— 

SO 

70 

18(a) 

2 

toNa«-3S 

Jl 

025 

1.60 

0.04 

025 

020 

828 

K 

SO 

70 

22 

2 

3R 

JL 

025 

1.G0 

024 

025 


028 

SK 

SO 

70 

22 

2 

XainlaySOilM 

K 

027 

1.1O-1J0 

0245 

825 

020 

828 

— 

so 

70 

— 

2 

LiiheM44C 

L 

02t 

1.10-1.60 

024 

005 

0.30 

028 

— 

SO 

70 

18(a) 

2 

ML-Mt 

McL 

025 

LlO-1.60 

0245 

025 

020 

028 

1 

so 

70 

22 

2 

NAX-HtMang. 

H 

(ft22) 

(m 

(0211) 

(0218) 

020 

0^ 

— 

so 

70 

22 

2 

OrMloylAO I 

0 

(0.19) 

(m 

(94120) 

(0030) 

(023) 

(635) 

. i 

1 

so 

70 

18(a) 

2 

Rap«MicM-l 

« 

025 

L18-L60 

0245 

04» 

8.30 

028 

K 

so j 

75 

20 

2 

M-2 

N 

025 

1.10-1.60 

0045 

025 

020 

020 

SK 

so 

75 

20 

2 

Man-Tan 

US 

025 

1.10-1.60 

0.045 

0.05 

020 

020 

SK 

so 

75 

20 

2 

Man-Tan A448 

US 

0.28 

1.10-1.60 

0.04 

04» 

030 1 

020 { 

1 

so 

70 

— 

2 

YoMmiB 

Y 

025 

1.60 

024 

0.05 

020 I 

020 


so 

75 

25 

2 

Detoani^M 

OF 

025 

1.50 

0.04 

025 

0.30 

020 

— 

so 

70 

22 

2 

Slrtnlitt(440) 

SC 

027 

1.10-1.60 

024 

025 

0.30 

020 

— 

so 

70 1 

22 j 

2 


Noli: HT. Iwat traalaj; W, BOfwaliMd; lUtT, q uncha d and teBynid; N, Idliliil; SK, aamiliHid. 

(a) EtaaiilMn ini iR.;<b)0.Q7 Zr;(c)0J95V;((i)<Ui4 NL 

' 11 







































IV. Sn«|i 

SAE 950B, AiSTM A441, A242, A374» A375 


Name 

H 

1 Cwnposi^,% 

Medianlc^ Prcpeitm 

Corro^ 
1 Resst- 
i ance 

i 

C 

i 

B 

1 ** 

S 


Ca 

(Min) 

V I 

(Min) 

Yiiid, 

loss 

Psi 

Tcniiie, 

lOOO 

Psi 


AW-441 

AW 

0.22 

115 

0.M 

0.05 

0.30 


0.02 

SO 

...... 

1 22 

1 2 

HigbStrengUi jS 

ARM 

012 

115 

9.04 

9.05 

9.30 

®-?0 

0.02 

45 


25 

2 

K-Strengtli B 

Aim 

012 

115 

0.04 

0.05 

0.30 

o.a 

0.02 

SO 

70 

18(a) 

2 

Mn-V A44i 

B 

012 

1.25 

0.04 

0.05 

0.^ 


(JJB2 

50 

70 


2 

Tn-StMl 

IN 

012 

1.2S 

0.04 

0.05 

0.30 

010 

0.02 

50 

70 

22 

2 

iaiten 1 

JL 

0.22 

115 

OiM 

0.0.5 

0.30 

0.20 

0.92 

3S 


22 

2 

KaisatoySOMV 

K 

0.22 

115 

0.04 

0.05 

039 

010 1 

0.02 

50 

1 70 

24 

2 

Mn-V 

L 

0.22 

115 

0.04 

0.05 

0.30 

010 ! 

0.02 

SO 



2 

GLS-441 

N 

0.22 

1.25 

0.04 

0.04 

0.30 I 

010 

012 

50 

70 

22 

> 

iC 

NAX-Rne Grain (b) 

H(c) 

0.18 

0.50-1.00 

ao4 

0.05 

0.50-0.90 i 

015 

— 

50 

70 

22 

2 

ML-F(A44!) 

McL 

012 

' 115 

0.04 

0.G5 

010 

0.20 

0.02 

SO 

70 

22 

2 

Or«iloy441 

0 

012 

1.25 


0.05 

0.30 

0.20 

0.02 

50 

70 

22 

2 

Clay-Loy(A44i} 

P 

012 

I.2S 



0.35 

0.20 

0.02 

50 

70 

— 

2 

Republic A-44! 

R 

012 

115 


0.05 

0.30 

0.20 

0.02 

SO 

70 

22 

2 

Tri-Ten 

US 

0.22 

1.25 


0.05 

0.30 

0.2C 

0.02 

SO 

70 

18(a) 

2 

YSWA44I 

Y 

0.22 

1.25 



0.30 

0.20 

0.02 

50 

70 

22 

2 

DofascoioyMV 

DF 

0.22 

1.25 


: 0.05 

0.30 

0.20 

0.02 

50 

70 

22 

2 

Steico-Vanadium 

SC 

012 

1.25 

1 0.94 1 

1 0.05 

0.30 

0.20 

0.02 

. 58 

70 

22 

2 


( 2 ) Eisfi^ion in 8 in.; (b) 0.15 1\\ (c) NAX-Fine Grain is licensed to Republic, Sharon and Pittsburgh Steel, it competes with but does not comply with 
A441 steels. 


V. multiple Alley and Copper Croup 

SAE S50A; limited application to ASTM A242, A374, A375 



Pro- 

ducer 

Code 





Composb'on, % 




Mechanical Properties 

Corri^sn 

R«3st- 

atice 

Name 

C 

Mn 

P 

S 

Si 

Cy 

Mo 

Cr 

i 


Yield, 

1000 

Psi 

Tensile, 

1000 

Psi 

Elonga- 
tion in 
2 In,, % 

Hi-Strength A 

ARM 

0.12 

(0.40) 

0.04 

0.05 

0.45 

010-0.50 

0.10 

(0.60) 

(0.70) 

0.03 Ti 

30 

70 

18(a) 

4toS 

Ni-Cu-Ti 

JL 

D.15 

LOG 

0.04 

0.05 

0.50 

0.% min 


— 

0.70 

015 Ti 

SO 

70 

22 

4 

Kaisaioy 45FG 

K 

0.12 

0.£0 

0.04 

0.04 

0.50 

0.30 

0.10 

0.25 

0.60 

0.02 V, 
0.005 Ti 

45 

60 

25 

6 max 

30CR 

K 

0.20 

1.25 

0.05 

0.05 

0.75 

a35 

0.15 

015 

0.60 

0.02 V, 
0.005 Ti 

50 

75 

22 

6 max 

6QWR 

K 

015 

1.S0 

0.04 

0.05 

015 

0.35 

0.10 

015 

0.40 

0.05 V, 
0.005 Ti 

60 

80 

— 

3 

70MB 

NAX-High 

K 

0.15 

0.50 

0.04 

0.04 

0.35 

«— 

0.60 

— 


0.001 B 

70 

85 


2 

Tensile 

N(b) 

0.15 

(0.70) 

0.04 

0.04 

0.90 

0.25 

— 

(0.60) 

— 

0.03 Zr 

SO 

70 

22 

4 

Republic 50 

R 

0.15 

(0.75) 

0,04 

0.05 

— 

0.30-119 

0.10 

0.30 

(0.70) 

— 

SO 

70 

22 

4ts6 

Ccr-Ten 

US 

0.1S 

(1-07) 

0.04 

0.05 

010 

015-0.40 

— 

(0.52) 

-- 

0.02 V 

SO 

70 

19(a) 

4 

Yoioy HS(c) 

Y 

G.IS 

1.00 

0.04 

0.05 

015 

0.50-1.00 

0.25 

— 

(1.00) 

— 

SO 

70 

22 

4 to 5 

HSX 

Y 

0.15 

1.00 

0.04 

0.05 

0.3S 

0.50-1.00 

0.25 

— 

(1.00) 

— 

45 

62 

25 

4tc5 

s 

Y 

0.20 

1.00 

0.04 

0.05 

0.30 

0.75-115 

__ 

— 

(1.90) 

__ 

SO 

70 

22 

4to6 

Algo Tut so 

ALG 

0.20 

(1.15) 

0.03 

0.05 

0.35 

— 

— 

— 

0.50 

0.02 V 

50 

80 

18 

2 

Dotascoloy#! 

DF 

0.18 

1.00 

0.04 

0.05 

0.30 

0.60 



0.90 


so 

70 

22 

4 to 5 

#2 

OF 

0.15 

1.00 

0.04 

0.05 

0.30 

0.60 

— 

— 

0.90 

— 

45 

65 

22 

4 to 5 

Stelcotoy S 

SC 

0.15 

1.35 

0.03 

0.04 

0.30 

0.20-0.50 

— 

(017) 

(0.35) 

0.01V 

SO 

70 

22 

4 to 5 


(a) Elongaticn in 8 in. '<b)NAX-High Tensile is licensed to Republic, Sharon and Pittsburgh Steel ;(c)Yoioy alloys can be precipitation hardened (stress relief an- 
nealed) to increase tensile properties. 


Maximum values for composition are listed except where ranges, minimum or typiai values are indicated. Tyfncal values are 
enclosed in lurentheses. Mechanical properties are those of sheet or hot rolled plate up to 1 /2 in. thick and are minimums unless 
typical is indicated by parentheses. 

Atmospheric corrosion resistance for these high slrc-ngth steels is compared tel hat of carbon steel. Example: 2 indicates twice 
the corrosion resistance of carbon steei. 

Producer Code: AW»Alan Wood Steei Co.; ALG-Algoma Steel Corp.; A^M»Armco Steel Corp.; B -Bethlehem Steel Corp.; 
C-Crudble Steel Co.; OF-Dcminion Foundries & Steel Ltd.; 6C-Granile City Steel Co.; IN-Inland Steel Co.; lA-Interlake 
(Acme) Steel Co.; IH-internationat Harvester (Wisconsin Steel Div.); IfW- Isaacson trim Works; JL-Jones & Laughlin Steel 
Corp.; K- Kaiser Steei Corp.; L- Lukens Steel Ca; McL- McLouth Steel Corp.; N - Naticnal Steel Corp.; O-Oregon Steel Mills; 
P-Phoenix Steal Corp.; PGH- Pittsburgh Steel Co.; R- Republic Steel Corp.; SH- Sharon Steel Corp.; SC-Steel Go. of Canada 
L d. ; US- United Slates Steel Corp.; Y - Youngstown Sheet & Tube Co. 
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Vi. MuRipl* AlSty Ktti e«pptr aMi W wBpfc a f ia 6roup 
SAE %«): limited a^iication to ASTM A242, A374. A37S 


Name 

Pro- 

decer 

Cempeailioa, % 

MeduoiaiPraiierUai 

Caireaise 

Knisl- 

C 

Mn 

P 

S 

Si 

Ce 

Cr 

Ni 

rmld, 

1000 

Psi 

Tamila, 

1000 

P^ 

ElMtp- 

tienin2 

Ib.,J5 

AW Dynaffoy SO 

AW 

0.15 

(IJM) 

0.10 

OdS 

0.3C 

0,30-0.60 

0.15 Mo 

0.40-0.70 

SO 

70 

22 

4ieS 

Ki^ Strenfth #l(a) 

ARM 

0.15 

(0.62) 

0.07 

004 

0.15 

0.50-0.75 

— 

0.60-0.90 

50 

70 

22 

4te5 

n 

ARM 

0.15 

(0.62) 

0.07 

0.04 

0.15 

0.5IMI.75 

_ 

0.60-0.90 

(45) 

(64) 

~ 

4to5 

Mayari-R(b) 

B 

0.12 

(0.75) 

0.12 

005 

05.55) 

0.50 

0.40-1.00 

1.0G 

50 

70 

22 

«to6 

MaxHoyA 

C 

0.15 

1.20 

0.07 

0.04 

0.50 

OiOmin 

— 

0.50 

SO 

70 

22 

4to5 

Hi SteeKa) 

IN 

0.12 

(0.75) 

0.52 

0.05 

0.15 

OJS-IJO 

0.18 Mo 

0.30-0.75 

SO 

70 

22 

4to6 

JaRen2 

JL 

0.15 

1.40 

0.14 

0.05 

0.10 

0.30 min 

— 

— 

50 

70 

22 

4teS 

J«L-50(c) 

McL 

(0.13) 

(0.48) 

(0J») 

(0.02) 

(H-n) 

(0.22) 

05.40} 

05.61) 

50 

70 

22 

3 

60 

McL 

(0.13) 

(0.90) 

(OJII) 

(OJ52) 

(0.20) 

(0.29) 

(0.5!) 

05.68) 

60 

75 

22 

3 

70 

McL 

(0.16) 

(0.95) 

(0.01) 

(0.02) 

(0.17) 

05.30) 

(0.55) 

05.73) 

70 

85 

20 

3 

Orelloy242 

0 

(0.10) 

(0.50) 

(OJI^ 

(0.03) 

05.4:^ 

(0.43) 

(0416) 

(0.43) 

50 

70 

22 

4to5 

Pitt-Ten #l(a) 

P6H 

0.12 

(0.75) 

0J)7 

0JI5 

0.20 

0.60-1455 


0.45-0.95 

50 

70 

22 

4to5 

Cor-Tei!(d) 

US 

0.12 

(0J5) 

0.1S 

0415 

(0.50) 

0J25-0.5S 

0.31-13 

0.65 

SO 

70 

lt(e) 

5 to 8 

Oofascoloy P 

OF 

0.16 

0.60 

0.12 

0.04 

(OiS) 

0.60 

0.60 

0.90 

SO 

70 

22 

4to6 

StelcaloyG 

SC 

0.12 

0.75 

ai2 

0.04 

05.32) 

03-0.60 

03-0.60 

a30-e.80 

50 

70 

22 

4ts6 


(I) Predpiiirtion iiardminf is pos«bl«; (b)Q.10 Zr; (e) ML-SO, 60 and 70 contain 0.01% Mo. ML-50 and 60 contain 0.014% Cb, ML-70 0.029% Cb; (d) Cw-Tm is 
licensed to Algoma, Crudble, Granite City, Greer, inland, Interfatce (Acme), Jones & lausblin, Uikens, Republic, Sharon and Wlieeb'nt Steel ; (e) atooi^on in 8 in. 


Vlf. Precipitation Hardening Alloys 







Composition, % 




Mtclianical Properties 

Corrosion 

Resist- 

ance 

Name 

Producer 

Code 

C 

Mn 

P 

S 

Si 

Cu 

Mo 

Ni 

Yield, 

130 

Psi 

Tensile, 

103 

Psi 

Eiongs- 
iion in 2 
In., % 

Republic 

65 

R 

0.15 

I 

14K5 

0.04 

0.04 

0.15 

0.90-1.40 

0.20-03 

13-1.50 

65 

85 

20 

4to6 

70 

R 

03 

1.00 

0.04 

0.04 

0.15 

1.00-1.50 

0.20-03 

13-1.75 

70 

» 

18 

4to6 

Cu-Ni-Mo 

US 

0.21 

0.80-1.10 

0.04 

0.05 

0.15-0.30 

O.SQ-0.80 

0.20-03 

13-LSO 

65 

140 

18 

4to6 

YoioyS ! 

Y 

0.20 

1.00 

0.04 

0.05 

0.30 

0.75-125 

— 

-1.3-2.20 

65 

(90) 

20 ! 

4to6 


VIII. Constructional Alloys {Extra High Strength Steels) 



Pro- 

ducer 





Compmition, % 




Mechanical Properties (b) 

Name 


Mn 








Yield, 

Tensile, 

1 

Ul 


Code 

C 

P 

S 

Si 

Ni 

Cr 

Mo 

Other (a) 

103 

Psi 

103 

Psi 

tionin 

2ln.,% 

SSS-13 

ARM 

0.12-0.3 

0.40-0.70 

0.04 

0.05 

0.3-0.35 

— 

1.40-2.3 

0.3 

0.3 Cu max, 0.04 Ti, 
0.315 B 

13 

115 

18 

SSS-13A 

ARM 

0.13-0.3 

0.40-0.70 

0.04 

0.05 

0.3-0.35 

— 

0.85-1.3 

025 

0.3 Cu max, 0.04 Ti, 
02015 8 

13 

115 

18 

HY3 

ARM 

0.18 

0.10-0.40 

0.025 

0.025 

0.15-0.35 

2.00-325 

1.3-1.3 

0.3 



3 


20 

HY13 

ARM 

0.3 

0.10-0.40 

0.025 

0.025 

0.15-0.35 

225-3.3 

1.3-1.3 

0.3 

— 

13 

— 

18 

Ni-Mc 

ilW 

0.26 

0.15-0.45 

0.02 

0.3 

0.15-025 

2.75-325 


0.3 

— 

75 

95 

20 

1-3 

ItW 

0.16-03 

0.30.3 

0.03 

0.3 

020-0.3 

1.10-1.3 

0.3-0.75 

0.3 

0.06 V 

3 

13 

20 

Jalloy S- 3 

JL 

0.10-0.3 

1.10-1.3 

0.04 

0.04 

0.15-0.3 





020 

0.035 6 

3 

(13) 

(18) 

S-13 

JL 

0.10-0.3 

1.10-1.3 

0.04 

0.04 

0.15-0.3 

— 


0.3 



13 

(110) 

(18) 

S-110 

JL 

0.100.3 

1.10-1.3 

0.04 

0.M 

0.15-0.3 

— 

— 

0.3 



no 

(120) 

(17) 

Jailoy 1(c) 

JL 

O.iO-0.3 

1.10-1.3 

0.04 

0.04 

0.15-0.3 

— 

— 

0.3 

— 

— 



N-A-XTRA- 3 

N 

0.10-020 

0.3-U0 

0.04 

0.04 

0.343 



0.343 

0.28 

0.05 Zr 

3 

95 

18 

3 

N 

0.10-0.3 

0.3-1.10 

0.04 

0.04 

0.30.3 



0.343 

0.28 

0.05 Zr 

3 

105 

18 

13 

N 

0.10-0.3 

0.3-1.10 

0.04 

0.M 

0.3-0.3 

— 

0.343 

028 

0.05 Zr 

13 

115 

13 

110 

N 

0.10-03 

0.3-1.10 

0.04 

0.04 

0.3-0.3 

— 

0.343 

0.28 

0.05 Zr 

no 

125 

18 

PX3 Plus 

P 

0.15-021 

0.3-1.10 

0.35 

0.04 

0.3-0.3 

— 

0.343 

0.3 

0.05 Zr, 0.325 8 max 

3 

95 

18 

PX3 Plus 

P 

0.15^)21 

0.3-1.10 

0.035 

0.04 

0.3-0.3 

— 

0.343 

023 

025 Zr, 0.325 8 max 

3 

105 

18 

PX!3 Plus 

P 

0.15-021 

0.3-1.10 

0.35 

0.M 

0.343 

— 

0.50-0.3 

028 

(1.05 Zr,aOG25B max 

13 

ns 

18 

PXllOPIus 

P 

0.154121 

a3-i.io 

0.35 

0.04 

0.343 

— 

0.343 

028 

0.05 Zr, 0.325 8 max 

no 

125 

18 

PX360Bhn(d) 

P 

0.15-021 

03-1.10 

0.035 

0.04 

0.40-0.3 

— 

0.343 

028 

0.05 Zr, 0.0025 B max 

(165) 

(180) 

(16) 
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Vili. e^wIni eB ii M ri iUtayt 0Eslti Higfc Un wi gm MicftMiMtiiMNtt: 












1 IWKWBwiCol 

Name 

rf®" 

Code 

t'" 

! 

1 c- 
i 

Mn 



P 

s 

Si 

i 

Ni 

Cr 

Me 

Othar(a> 

iNaM. 

1000 

1 TmhibIs 1 
1800 ! 
N ! 

0e«p- 

Uanin 
2 In., ^ 


«Sfl j 



I!!! 








1 105 

16 

T-l-AMi. 

US/L 



i 

i 0XI3S 1 



1 





1 115 

IS 

Qual4e) 

T-1-B(e) 

US/l 

C.12-9.21 1 



QM i 

Oi*- 0415 


0.40-0.65 j 



1 

109 1 


18 

AHtoma93 

AL6 

0.12 { 

1 

OdM i 


b 15^ « 

1 



j 0di2V 

90 

115 j 

18 


Note; Bin, sinittiini ^tpos and tubins eon tiso be svpplied in itme alloys. 

(a) NUntinam unless ethennse sindlwiS,- (b) all alloys Qu«ichsd and temped extept iailoy 1 and Algcma SO which ate hot rolled; (c> Brineii hardness, 200 io 
2S0; (d) Srinall hardness, 3SD; (e) capper optionai. 


IX. Abrasion Resistant Alleys 


mm 






Composilion, % 





Mechanical Properties 

m 

ducer 

Code 

C 

Mn 

P 

S 

St 

_ 

Cu 

Cr 

Mo 

Other (a) 

Con- 

dition 

Hard- 

ness, 

Bhn 

1^ 


SSS-321 

ARM 


0.40-9.70 


tM 

■ipl 

0.20-0.40 

0.85-2.0 

0.15-0.60 

0.0015 B 

Q&T 

321 

— 


SSS-360 

ARM 

liliftji'iS 

0.40-0.70 

isi 


■ti; 

0.20-0.49 

0.85-2.0 

0.15-0.60 

0.10 Ti 


360 

— 

— 

SSS-400 

ARM 

0.13-0.25 

a40-0.70 

i&l 

i£i 

Iji jfl 

0.20-0.40 

0.85-2.0 

0.15-0.60 

— 

Q&T 

400 

— 

— 

Sheffield AR 

MM 

0.43 

1.S5-2.0Q 

HI 

0.05 


_ 

— 

— 

— 

HR 

223 


— 

AR-N& 235 

B 

0.3S-&50 

1.40-2.00 

8.05 

0.05 

0.30 

— 

— 

— 

— 

HR 

(235) 

— 

110 

Abrasion 

Resisting, 












235 



Med. Herd 

IN 

0.35-0.59 

110-2JI0 


0.05 

0.30 


— 

— 



— 

Abrasion 

Redsting, 











HR 




Full Hard 

IN 

0.70-0.85 

0 . 60 -Un 

0.04 

0.05 

0.30 

— 

— 


— 

270 

“ 

— 

JalioyAR-280 

JL 

0.25-0.31 

1.3S-1.6S 

■iiiM 

0.04 

0.30 

0.20 min 

— 

0.10-0.20 

0.0005 B 

Q&T 

260 

no 

117 

320 

JL 

0.25-0.31 

1.35-1.65 

0.04 

0.04 

0.30 

010 min 

— 

0.10-0.20 

0.0005 B 

Q&T 

300 

135 

142 

360 

IL 

0.25-0.31 

1.35-1.65 

0.04 

0.04 

0.30 

010 min 

— 

0.10-0.20 

0.0005 B 


340 

160 

166 

m 

JL 

0.25-0.31 

1.35-1.65 

0.04 

0.04 

0.30 

0.20 min 

— 

0.10-0.20 

0.0005 6 

^1 

400 

184 

190 

JatloyS-340 

JL 

0.10-0.20 

1.1Q-1.S0 

0.04 

0.04 

0.30 

„ 

— 

0.20-0.30 

0.0005 B 

Q&T 

320 

149 

157 

Jailoy3(AR} 

JL 

0.10-0.20 

1.10-1.50 


0.04 

0.30 

— 


0.20-0.30 

0.0005 B 

HR 

(225) 


104 

Xaisaloy AR 

X 

0.35-0.50 

1.50-2.00 

0.05 

0.05 

0.35 

— 

— 

— 

— 

— 

_ 

— 

— 

T-I-A-360 

L 

0.12-0.21 

0.70-1.00 

0.04 

0.05 

0.35 

Opt 

0.40-0.65 

O.lS-015 

0.0C05B, 0.03 V 

Q&T 

360 

(145) 

(180) 

XAR-15 

N 

0.10-0.20 

0,60-1.00 

0.04 

0.04 

0.90 

— 

0.451.85 

0.15-015 

0.03 Zr 

Q&T 

360 

153 

180 

XAR-30 

N 

OiS-G.30 

0.60-1.00 

0.04 

0.04 

0.90 

— 

0.45-015 

0.15-015 

0.03 Zr 

Q&T 

380 

165 

280 

USS-AR 

US 

0.35-0.50 


0.05 

0.05 

0.35 


— 

— 

_ 

HR 

(235) 

— 

— 

T-1 

US/L 

0.10-04!0 

0.60-1.00 

0-035 

0.04 

015 

0.15-0.50 

0.40-0.65 

0.40-0.60 

0.70-1.00 Ni, 
0.002 B, 0.03 V 

Q&T 

321 


(115) 

T-l-A 

US/L 

0.12-0.21 

0.60-1.00 

0.035 


0.35 

Opt 

0.40-0.65 

0.15-015 

0.0005 B, 
0.01 Ti, 0.03 V 

Q&T 

321 


(115) 

T-l-A-321 

US/L 

0.12-0.21 

0.70-1.00 

0.035 


0.35 

Opt 

0.40-0.65 

0.15-0.25 

0.0005 8. 0.03 V 

Q&T 

321 

(137) 

(171) 

T-l-B-32i 

US/L 

0.12-0.21 

0.95-110 

0.035 


0.35 

Opt 

0.40-0.65 

0.20-0.30 

0.30-0.70 Ni, 
0.0005 B, 0.03 V 

Q&T 

321 

(137) 

(171) 

T-1-32I 

US/L 

0.10-0^0 

0.60-1.00 

0.035 

0.04 

015 

0.15-0.50 

0.40-0.65 

0.40-0.65 

0.70-1.00 Ni, 
0.002 B, 0.03 V 

Q&T 

321 

(141) 

(175) 

T-i-360 

US/L 

0.10-010 

0.60-1.00 

0135 

0.04 

0.35 

0.15-0.50 

0.40-0.65 

0.40-0.65 


Q&T 

360 

(145) 

(180) 


Note: Q&T, quenched and tempered; HR, hot rolled. 
<t) Minimum unless otherwise spedfied. 


Maximum values for composition are listed except where ranges, minimum or typical values are indicated. Typical values are 
endoaad in parenthasas. Mechanical properties are those of sheet or hot rolled plate up to 1 /2 in . thick and are minimums unless 
i^'cal is indicated by parentheses. 

Atmospheric corrosion resistance for these high strength steels is compered to thatof carbon steel. Example: 2 indicates twice 
the cwrosion resistance of carbon steel. 

Producer Code: AW-A!an Wood Steel Co.; ALG-Algoma Steel Corp.; ARM -Aimco Steel Corp.; B>SethlehemSteel Corp.; 
C-Crudbie Steel Co.; DF-Dominion Foundries A Steel ltd.; GC-Sranite City Steel Co.; IN-Inlitid Steel Co.; IA>tnterlake 
(Acme) Steel Co.; IH-InternitiORal Harvester (Wisconsin Steel Div.); liW«lsaacson Iren Works; JL~Jones & Laughlin Steel 
Corp.; K« Kaiser Steel Corp.; L-Lukens Steel Co.; McL-McLouth Steel Corp.; N> National Steel Corp.; O-Oregon Steel Mills; 
P-Phoenix Steel Corp.; P6H«Pittsburgh Steel Co.; R- Republic Steel Corp.; SH- Sharon Steel Corp.; SC>Steet Co. of Canada 
Ltd.; US-United States Steel Corp.; Y- Youngstown Sheet & Tube Co. 
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«NM»''* 



Pnparttos and Usas fw itoit TtaataUi Conir Hays 


C— pH iat tgC. Uw w w i aa Bwi a w 
B rt<| g i a rt 8tmCa>. 



BetyWum CoMwr 
(Strip) 

CDA 172 

Copper-Nidial- 
SilieoR(S^) 
CDA 647 




Nominal convoiitioRr^i 
Tensiie strtngth, ]Mi 

9745 C«, 1.90 
Be, 045 Co 

1 

9740 Cu, 1.90 
Nl, 0.60 Si 

Propefthw 

1 

99,10 Cu, 0.90 Cr 

99J6SCU.6.15 Ztt 

1 

9?.S5€a,140 

Ni,04SP 

Sofl(SA)» 

»,ooo 

41,000 

30,000 

32,060 

38,000 

SA + HT 

177,000 

85,000 

56,000 

34,000 

65400 

1 2 hard 

%,O0Q 

48,000 

i 43,000 

48,000 

61,000 

1 2hard + HT 

195,000 

91,000 . 

62,000 

53,000 

82.0KI 

Hard 

110,000 1 

58,000 

1 52,000 

55,000 

66400 

Hard + HT 

200,000 

96,000 

I 67,000 

59,000 

90400 

Yield strength, psi 




14,000 


SoR(SA) 

32,000 

14400 

8.000 

10,000 

SA + HT 

155,000 

65,000 

i 45,000 

18,000 

40,000 

i/2hard 

82,000 

46,000 

40,000 

46400 

54,000 

l^hard ^ hi 

175,000 

81,000 

57,000 

45,000 

71,000 

Hard 

1M,000 

57,000 

51,000 

53400 

59,000 

Hard + HT 
Elongation in 2 in., % 

180,000 

83,000 

63,000 

53,000 

78,000 

Soft(SA) 

47 

39 

42 

51 

40 

3A t HT 

7 

16 

15 

51 

33 

1/2 hard 
l/2hard + HT 

10 1 

1 17 

7 

11 

8 

3 

13 

9 

18 

6 

Hard 

4 1 

1 3 

2 

7 

6 

Hard + HT 

2 I 

i 9 

6 

14 

4 

Electrical conductiyiiy, % lACS 






Soft(SA) . 

18 

! 23 

36 

70 

32 

SA + HT ^ 

24 

1 40 

81 

84 

60 

1 2 hard 

16 

1 23 

35 

72 

32 

1 2 hard + HT 

24 

1 40 

78 

88 

60 

Hard 

16 

23 

35 

73 

32 

Hard + HT 

24 

! 40 

78 

88 

60 

Therms! conductivity, Btu/sq ft/lt/hr/°F 






Soft(SA) 

46 

58 

90 

167 

80 

SA+HT 

61 1 

1 100 

189 

195 

145 

1/2 hard 

43 

i 58 

88 

171 

80 

1/2 hard + HT 

81 

100 

183 

202 

145 

Hard 

43 

58 

88 

173 

80 

Hard + HT ! 

61 

Fsbr 

100 

iciting Chanwtorl 

133 

isticf 

202 

145 

Hot working temperature <SA or HT) 

1050 to 1475 F 

'1300 to 1375 F 

1650 to 1695 F 

1650 to 1760 F 

laOOtolKOF 

Solution annealing temperature 

1400 to 1475 

1375 to 1475 

1830 

1650 to 1750 

1300 to 1450 

Ae'ng temperature (1 to 2 hr) 

600 

800to90D 

850 to 930 

750to9S0 

«9Gto900 

MKhinability rating, (SA, CW, HT)t 

20?? 

30% 

m 

20% 

30% 

Cold workability 

Good 

Extend 

Good 

Excellent 

Excelicnt 

Hot workability 

Excellent 

Joi 

Exallent 

ining Chaructorisl 

Good 

lies 

ExceHcnt 

Excellent 

Soft soldering 

Excellent 

Excitant 

Excellent 

Exallent 

Excellent 

Silver brazing 

Good 

Exaiient 

Exallent 

Exoltent 

Exallent 

Oxyacetylene welding 

Poor 

Good 

— 

Fair to good 

Good 

Carbon arc welding 

Excellent 

Fairtopoor 

— 

Fair 

Good 

Gas shielded arc welding 

Good 

Good 

— 

Good 

Good 

Resistance welding 

Excellent 

T 

Good 

ypical Appllcwtiw 

IS 

Not lacomnwndad 

Fair 

1 

Diaphragms, bel- 

Fasteners, electrial | 

Similar to coppers, 

Commutrdorseg- 

Springs, clips. 


lows, relays, circuit 

parts, marine hard- 

such as circuit 

ments, conductors, 

elactronic parts. 


breakers, switches; 

ware, resiitana 

breakers, parts 

eioelrial parts, 

high stnngth elec- 


fuse and component 

waided assambHas, 

where high strength 

gaddtels, reristana 

trial annectors. 


hoUers; antilever 
flat springs; Belle- 
villa, curved s^ng 
and wavy spring 
washers; brush 
springs uwd at 
•mbienttemperi- 
ture up to 300 F 

reristana wtMing 

and high thermal 

wMingti|», rotor 

holts, nails, screws, 


tip holders, rotors 
and rings, springs, 
switch gar. wire 
connectors, wire 
forms and wire 
products 

and eiectrkal con- 
ductivity an 
needed. Used when 
higher softening 
point than that pro- 
vided by copper is 
needed 

banandpMw, 
switch parts, 
wsshsfs,wave 
guides, win forms I 
and wire products 

rivats, fastenars 


fMa: Data Sh««t lis^ only thaw alloys eoRiainini 97JS Co (min). 

*SA, scAtUon annaaM; CW, goU workad; HT, agadL tftwd an 1009S fof trw^ne bran (CDA 3G0). 
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W|—ia 1Y A flMBflDfikdbASiiiaife A 

rl^MralS M WHClIiMl 


ffsMitof 

limbitl 


■HbanMPNprtsifD 





Onawitisl 

P«mM 

IWM 

WaW 

1mm 

Hs24».S 


MblfO 


m 

OlHWtfM 

SBffVt 

MfSOM 

P.ltW.T. 

P.S 

X32 

53N 

4-K 

i-E 

a 

Citiiwl M wO tab! wntsIMy; >a4 fcruibillir, FsbriaM by winlafc sip 
yar«BiSb»«n. Oraann mi lyttttint bai Irryjsi w< pr iir|, isiwint nsnw 
Oanpbbb Him: twbsrs. wnamlOsi. 

m 

pildlicflp^ 

f&XCii, 

M40 

P,»,W,T, ‘ K32 

53-U 

4SS 

6-£ 

a 

fibiiaftnithntasinrisllcssiiiwatlts. Wl. Uins; Owwnrsnts, tUm, wMi,. 
liMSi iM rattOets, btMbsri, Mils, iniMiiiislli, ibrils; »8it pMlt. 

iSS. IH, lit 
Silitr-liMiiKe 

P^ldl ODpptf 

MSCa, 

&040, 

AC(t) 

P.«.W,T. 

* 

66 32 

5M0 

4-SS 

&E 

a 

FsMcabtvtbaraMOsaaaiM ilHs: p*ah, nriMRS, tasbats. 

wfmuniqpit wrnmumt csMmw pnRSM OR immu pniiEin inup\ 

ML 

m 

iMofiadeippir. 

h^reiiUhuI 

ptmiAonB 

«M0Ca, 

OiKf 

F,M.P 

^3Bt 

50-10 

945 

9-E 

» 

Fabrisalins t/hmOmhik* wm at Ha. 102. Usa; |m liMl bintar RiMa; aR 

VKWh plKWW^S 99* WM|| C3M9RMa oNBRCa HVa|M(W HM MHK 

aadbaiar bibi^; liHry «4 SMM l*bi)i|; atsam aoR sMlar iMi; Ik, ipioliM’ 
Mb bySranbc lints. 

ISO 

ZitctMMin 

«®9P*f 

99«Ck. 

ai52r 

F.*,W 

6945 

52-3 

12-18 

6-E 

» 

EKaRw! bat and oM verbaMRly. Usas; ratHanct araUinc Hys snb nbaats, 
sbid baaa fv yaarar tiansialars mO riiliRars, csniiniMnis, aMrici) aailtbas- 

ISZ 

Ctdmivrn co^ptr 

99.750. 

UC< 

* 

80-37 

— 

2-45 
in 10 in. 

G-£ 

X 

UaaMraHaywirt. 

in 

BmyVkm 

esfi^tr 

99.50, 

1,36a. 

9.»C« 

F.«.W,T, 

P.S 

165 60 

1X-2S 

345 

S-E 

a 

EKeHat )Nt worbabiOty. Cammoniy libiicaM by Manbini Oraainf, bmnini. 
and bindint tan6i«, driWne, tayyinf. Usa: baWeafS, bwtOan inbinf, dti- 
ybragms, bm diys, fatanars, inch aasbars, lytinii, sarRdi parts, nH {nns, 
«aha, waidiitt tqiRynmR. 

m 

ChronsBin 

esww 

99.5 Ca, 
0.9 Cr 

F,W,R.S 

6245 

55-15 

12-40 

S-E 

a 

Gene! bnt ami oeM amhibibty. Usa; r»stanca-sa!dHit atactrada tRis and 
wbaal^ drciiit braaka parts, cable cannacisrs, parts far alsclrnrie dtfkis. 

?10 

Gildint 

ffiJSO, 
53) Zn 

F.W 

M-34 

53-10 

4-45 

G-E 

20 

EKaRanl coW wcrhtbtKiy, toed M sNrhsbiiity far Manhint edrint drtsrint. 
pweinj and ynnchiRj^ shaanny, spinning, styMTixf and sn«aRi% slamyini. 
Usa; coins, medals, baiiei jicha^ bra caps, printats; piagav jawalry, bta fnr 
geldpista. 

Fabricatint durscfnristics sama as alley No. 210, pins baaiRnf and Kpsattmii rel! 
Sliniadig^ and hmirtini, hot for^ and pratsinf. Usas; aiddng bnna, iiill- 
werli, scraan cMk, nmatbarsltippiRi, KpsUch easts, compacts, mariM batdmrs. 
straws, rissas. 

220 

ConinMfdti 
brsRjs, SOS 

90.00, 

laOZP 

F,R.»P,T 

72 37 

52 10 

3 50 

G-E 

a 

226 

JcwdryttMot, 

VS% 

07.50, 
325 Zr 

F,W 

97-39 

62-11 

3J|6 

F-E 

70 

Fabricating cliarartsthdes sama as a8oy Ho. 210, pins haadiw and npieltiRt rsR 
tbnadini and kaartinp. Usas: AngH chan^ cNn, fastsaars, cMbimt 
{aandiy, Ipstick easts, ranpacts, bass for {Oh! plait. 

230 

Rwibras, 

05.00, 
15.0 Zn 

F,W,T,P 

liB39 

63-10 

3-55 

G-E 

,X 

Fabrkatmf duraeltrtsticssaiMa(alloyli5.226. Uws; Waatharsliipplai, oxi- 
iMt, ssekats, fastanars, Rnasliniitsb^ endtnstr and Im4 PKliai^tabing; 
phmtMg pipa, radMer corts. 

240 

Lswbrtss, 

m, 

00.00, 
203) Za 

F.W 

125 42 

65-12 

3-55 

F-E 

X 

Esc^tnl caH wsrhabiRty. Fabrieatinf dtaracliiisiics nmo m aRay No. 226. 
Uses: batlory capsii boRoais, Rwsiea) instnmanls, dock dials, psnnp Rnts, ftaubin 
bast. 

m 

Cntri4(e br<», 
JOS 

7aoo, 
303) Zn 

F,»,W.T 

lM-44 

65-11 

3-56 

F-E 

30 

EaeaRent «M warkablRty. Fabrieatinf rbaracitriste sam as kbf Ha. 2W, 
oactpt for coining, taRttiraoding and knortinf. Uaoi;RadUlareoras and tanks, 
RasbSgW shaRs, lamp Rsbirss, bntinsrs, fodi^ Innm amannilion coRipomnIs, ' 
pbMibin{a«ossati«e, pi.ns;ri«nts. 

261c 2» 

65.00, 

F.R.W 

128 46 

62-14 

365 

F-E 

X 

ExcaniM caM workabRHy. Fabmaling dumetoristiet sanw as alloy M 240. 

y«)lGwkna 

35.0 Zn 





Ustt; Samo OS tliey Na. 260 oscopt not tnad for ommwiSiMi. 

m 

Mwi(zmt<il 

603)0, 
403) Zn 

F,R,T 

74-54 

55-21 

10 52 

F-E 

40 

EscoM bot bwmabiiHy ond foTf^Sty (tar Msediint fonninf and bondini, M 
lorii«andprassinthalbaadin8andBpsalt!ni,s!«ia<{ii(. Usas: arcXMortl, 
laris Mrts and bcRs. Iwtiini rod, condonsor piolos^ caadoaoor, osaporaiar and 
baoi tacbaaiir tabint bat forginis. 

314 

mtfdtl fcmn 

033)0, 
1.75 «i, 
923 Zn 

F.R 

60-37 

55-12 

10-45 

G-E 

a 

EscoHoct madiinaiiiHy. Usas: ocrowt, macblna parts, pkhRni enlai. 

3X 

Im-IttM 

bfasstvkt 

6600, 
0.5 Pb, 
33,5 Zn 

T 

75-47 

69-15 

7-60 

F-E 

a 

eowbinasidodmadiinibiityandaacallsateBldswibabBay. FabrteaMbyfenn- 
ini and banding, maebMni, piordni aed panebing, Usas: Pump and paartr 
cyitdMt and Rnars, anwanitlaii prinws, pbnnbinc atcaaserias. 

332 

66.00, 

T 

75-52- 

60-20 

7-50 

F-E 

» 

EaeiHanlinaeklnaURiy. FabricaMbypiaiclnipaneMniaHdRiaclildai. Usas: 

(mm late 

1.6 Pb, 
32.4 Zn 







fiiwil ytwyow MTtif iBidiiiw puti 

33S 

Lm-ImM 

brass 

6500, 
a5Pb, 
34.5 Zn- 

F 

7446 

69-14 

8-65 

F-E 

a 

SindlarloaRoyHo.332. Commonly labritsM by Uaakinjg^aadtfcnMCbintnf, 
piordotairipancb{«|,olampin|. Uiti:baHs,liio(oi,«aldtlmtfes. 

340 

MtOwm-haM 

brass 

6500, 
10 Pb, 
34.0 Zn 

F.ir,w.s 

8M7 

60-15 

7-60 

F-E 

' 

70 

Simitar to aHoy No. 331 Fibrlcotod by blankint boodiogand npoatHng. maciiin- 
ini, piordni MpanebinftroRtbraadini and hnwRaftilMiptai. Uiio:balti, 

laors, nnti; rnats, octaon, diali, ongtaviHS. Instnmwl pM^ 

342,363 

brass 

6500, 
20 Pb, 
330 Zn 

F,R 

8549 

12-17 

5-52 

F-E 

X 

Fabriaiin|ebincl«tiilicosinwualloyNoi34B. UNOtCtacfcpiMoandiiats, 
dock and anteb baebs, loirs, arbaois 0 ^ rbaoMl plaia. 

3» 

6300, 

,F 

74-49 

60-17 

7-50 

F-E 

IX 

EacoRonlmacMnablli^. FobriealodbyblMddiifcmocKainbldorciniandpandi- 

Ertrshbtifi 

tvss 

tSPb. 
340 Zn 







ta|,alaffl|iin|i thH:tamaatalkiyN«.X2and3S3. 

3M 

Fnt<»liiiig 

bSMS 

6100, 
30 Pb, 
350 Zn 

F.R.S 

68-49 

45-18 

18-53 

F-E 

IX 

EaaiRmd macbMbRHy. Fibriebtad by maddninta nB tbraadini and bnaiRni. 
Uaat; Riaro, pidam, aaiamalic Mgb ipNd ocraat macMna parts. 

3Rta3« 

U«MW(Sl) 

■Mial 

6000, 
9.6 Pb, 
3MZn 

‘f 

I 54 > 20 

(AsbOnRaii) 

45 

1 F-E 

J 

\ 

a 

Combtaai laad macKnbbiRly wilb fMaHiat M lirmaMiqr. Hats; aadanoar 

VM pHnSo 

3» 

fvlMMMlI 

PwBzmM 

laoo, 
10 Pb, 
»OZn 

T 

19-54 



io-a 

640 

F-E 

a 

Fabrlea|iiidiOTtttriilicssinillatteaagNB.MIa3W. Ussa:aalamalicsc«w 
RtaddM parts. 


26 



■ 




•f Oliver Mi Goivir Ueis 





Htmmi 

% 



iMRiWRtR^} 


_ .. i 

ClMRtfClii 
Fern (4 


tSi 

BMirtiw 

in2l8.x 

i0 s 

mtcmmmr 

mnw i 

1 

FsOrioilBtf SBlflCGlfilllCA Mil Tf^SMEll BfiOBciNM 

»? 

FtcMeknw 

558 Cw, 
2 Jin, 
3Mi» 

R.S 

S2 26 

(As«t(wM> 

45 

Ft 

80 ; 

EmuRmI hs4 wrbibrW). Fabr^iM by binding and ipanHin8 Rnt 4sr|4Nl and 
pwniat but haadirn and upaieiiig, imcWnint. Uiit: Futjinit and wtadati 
•faRliMt. 

3IS 

AitMiKtenI 

578 Cf. 
38 Pb, 
408 7n 

»,S 

60 20 
(AsentiuOeO) 

30 

F-E 

90 ' EK«RMdinaelHiMNR;iiidlMiMilMbjlil]r. FtbtieUWbiflieOnfgngnIntasi- 

, in88srmin8bMi4iinga«4niaebiiiHi|. 8i«s:atebi4ie4uialeitriisiians. stew hints. 
MunslieMs. trim, butts, bhuw, i»c4 badits mi toiinits. 

44}.4tl,44J 

InkiMM 

wtainllf 

718 6i, 
23.8 Zn, 
18 Sn 

F,W,T 

55 48 

22-18 

60 65 

£ 

30 

EacaRMeMrntkabilRyferfortniiifMidbtiiditif. UssirCandensaT.aeapoMliic 

and beat anbattir tubint candcnsar Icbini pi^, distiRar lubtni, 4am^ 

mt»m 

KsnlktiK 

608 C«. 
39.25 2)1. 
0.75 Sh 

F,»,T,S 

88 55 

66 25 

17-50 

FE 

30 

EaaRmtMawkabitityaadlMtfariMbiity. FabricaM^bianldn|,RraaibH[, 
bendtntbaadiRtandiipsaltiatMfaqitil.P'asiini. Usas: attend tanbucbit 
barrtb, baits, beds, rrtiflna hardniare, ants, praptiler tdiaRs, rhtels, uatw sterns, 
emdMsnr piatesi, teddint nd. 

48$ 

LMsMimt) 

bnss 

608 Ca, 
1.75 Pb, 
378 Zn, 
0.75 Sn 

F.»nS 

77-55 

L, 

53-25 

15 40 

F-E 

70 

CatrrbjMStmRerdhelfM^ah'tityandyAaebinabiCty. Fabricaied by but faring 
and luasant, machining. Uks: marine hardware, screw machiM parts, uabra 
stems. 

SOS 

Phosptiarbma 

9S.75CU, 

U5Sn, 

UacaP 

F,W 

7840 

50-14 

4 48 

6 -E 

20 

Ei^ietsi ceU wefbability; fond hot twmabiiity. Fabricated by bianiiiRt, bend- 
Inj, headinf and upsetlint shearing and swaging. Uses: eleetrical contacts, 
fletibit base, pole-bne hardwait. 

310 

nnsplier brann, 
5JSA 

950 Cm. 
S8 Sn, 
trace P 

F,R,W,r 

140 47 

80-19 

2-64 

G-E 

20 

EreeRitil coM wotiiability. Fabircaiad by blankinf, drawint banding, biading 
and npseltint roil threading attd hmitling, shearing. stamgin|. Usis: beiiuws, 
beuiden tuMnt dutch disiis, ontter pins, diaphragms, lastimcis, kxk washets, 
win brushes, chemical lutdwatt, teitile machinery, mhSng nd. 

321 

Plxoflm bmue, 
85SC 

S28CU. 
8.0 Sn, 
trace P 

F.R,W 

140 35 

80-24 

2-70 


20 

Good cold worbability tor blanhint drawing farming and bending shearing, 
stamping Uzt>: generally for more seterc service conditions ilian alloy No. 510. 

^4 

FhMiijnf ixMRe, 

908 Cu, 
108 Sn, 

F,R,W 

147-66 1 28 

(Annealed) 

3-70 

£ 

20 

Good cold werbability for blanking forming and bending shearing Uses: heavy 
ban atui plates for sever: compression, bridge end eipansion ^es end Nttings, 

10^0 

trace P 







artkiis requiting good spring quebtles, reriiiency, feligue ttsislaoct, good war 
and costesion rtstsiince. 

544 

pbojphsf bfOfiM 

888 Cu, 
48 Pb, 
48 2n, 
48 Sn 

F.R 

75-44 

63-13 

15-50 

C-E 

80 

Euelient madrinability,' gsod coM wMkebitily. Fehiicatad by bienking drawing 
bending rttachtning shearing stamping Uses: bearings, bushings, gats, pin- 
ions, shafts, thrust wsshets, valve parts. 

S14 

AbmiiMim 

biMilt,D 

918 Cu. 
78 At, 
2.0 Fe 

F,R,w,r, 

P,S 

89-76 

60-33 

3245 

E 

20 

Fabricated by blanking drawing forming and bending heading and nil thread- 
ing Usfs: nuts, boltg siringen and threaded members, cortasron resistant 
vasseis and tankg stiuclunl components, machine parts and membtts, condenser 
tubing and pipe, protective sheathing and tsstening miiing trouts and blending 
chambers. 

6S1 

LM-3i!WIM 

988 Cu. 
1.5 St 

R.W.T 

9540 

69-15 

11-55 

G-E 

30 

EacailenI hot and ceM workability. Fabricated by forming and bending, treading 
and upsefh'ng hot forging nd pressing roil Inroding and knurling, squeering nd 

tKMM.B 








swaging Uses: hydtniic pressure lines, anchor screws, bolls, cable clamps, 
cap screws, machine sertwg marine hardware, nuls, pole-line hardware, tivels. 
U-bolts, electrical conduits, heat achanger tubing welding cod. 

CSS 

Kij^-SlKHI 

br^A 

97.0 Cu. 
38 Si 

F,R,W,T 

145-56 

70-21 

3-63 

G-E 

30 

EsceliMt hot and COM woihability. Fabrialid by blanking drawing, lotming and 
banding bending nd upsetting, hot forging and pressing nil threading and 
knurling shearing squeering and swaging. Uses: similar to ailqi No. 651 in- 
cluding propellor shafts. 

m 

Mmpmm 

biam,A 

58.5 Cu, 
1.4 Fe, 
398711, 
18 S«, 
0.1 Mn 

R.S 

64-65 

60-30 

19-33 

F-E 

30 

ExceHnt hot workability. Fabricated by hot forging and pressing, hti heading 
and upsetting Uses: clutch disks, pump tods, shafting tails, nive stems nd 
bodies. 

W 

77.5 Ca. 

T 

60 

27 

55 

E 

30 

Esctilnl coM workability for forttting and bending. Uses: san» as alloy No, 443 

AlwniMtm 

brass 

285 Zt), 
28 Al 


(AnneaM) 




444 and 441 

706 

Cowtruidifl, 

m 

88.7 Cu, 
UFe, 
10.0 Ni 

F.T 

6044 

5746 

1042 

E 

20 

Good hot and c^ werkabiRty. FabricaM by Ibrnring and betiding welding. 
Uns; tondensars, condenser plates, dialler tubing evaporator and best ei- 
drangir tubing ferrules, ssK water piping 

m 

CcwaraMal, 

31^ 

745 

Nkkslsilrar, 

65-10 

708 Cu, 
30.0 Ni 

F.R,T 

75-54 

70-20 

1545 

E 

20 

Similar to alloy No. 706. 

658 Cu, 
280 Zn, 
mONi 

F,W 

130-49 

76-18 

1-50 

E 

20 

EacoUnlcoMwoikabihty. Fabricaitdbybiankingdiawin{,itch)iiglormii!gand 
bondieg bending and upsattir^ roll Uweading and knurling shearing sprmHng, 
squetang and iwaing Uaa: rivets, aeraws, slid* fasiti.ars, optical parts, 
etching stock, hoHow ware, namepMas, plalera' bars. 

7S2 

Nkbatailvar. 

K-18 

65.0 Cu, 
178 Zn, 
180 Ni 

F.B.W 

103-56 

90-25 

345 

E 

20 

Fabriciliag charatittislics limiiar to alt^ No. 745. Uses; rivets, screws, table 
tWvraig Inas vtiit, rippers, bows, camera parts, eora torg lamplts, bM for 
ailstr plate, castumt jtw^, ahhing stock, hoikw wart, namaplatcs, radio dials. 

754 

HUtlslbKr, 

ts-is 

6S.0CU, 

208 zn, 

180 Ni 

F 

»-53 

79-18 

243 

E 

20 

FabriciUng eharactcrislics ainutar to alloy No, 741 Uses; camera partg optical 
•quipmenl, etching stock, jewolty. 

757 

Hkbalsilm, 

65-12 

610 Cu. 
238 Zn. 
128 Ni 

F.W 

93-52 

79-18 

2-48 


20 

Fabricaiinf charactoriitics almiiar to aHoy No. 741 Uses; slidt faslener g camera 
pacts, opU^ parts, mcking slock, nameplateg 

778 

HUstiUw, 

55-11 

510 Cu, 
27.0 Zn, 
188 Ni 

F.R.W 

145-60 

- 

80-27 

2-40 

E 

30 



Good cold woitabiiily. Fabtleritd by binkiag forming and bendfug and ritur- 
ing Uies: optical goodg springs and rcrislancn Witt. 


( 1 ) F, M nWhdtt; I, iwl; W, wiw;T, I, pi|»; 5, slu p w . (c> F. eics4i««it;G,|ood; F,Mr. 

(>) IteilMttt Ml w tei i M wit Mr iii w. TlwriniilAriUwilMdardNivirMwIipMl (0iM4«nl(l!)X^*’)*FN«’3tC. 
wlli*lMifii(MMiMttil«iiNirli|CMt(e«MwHfc)M4tlw«KliMllMuMHffliw«jR (•) Mh)f Mo. ]13 CMtaiMl«rwiM«lMr; NeilU.lOM (wrtM; Nallf,rs«r>r(«^ 
inlKLII«i|ncM«rsMMlli«ii)Hn(«IMkhM,|iMrtMfeM/haHliii9rir«M<ll^ C o w f i M ^ Cmw Diwlii iw i * Awi^ Wtw Yortu 
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I. Introduction 


The fundamental characteristics of low* 
temperature and crycHgentc technology 
have already found their way into seg* 
ments of almost every major industry. 
Cryogenic applications in space, in the 
new oxygen process for the manufacture 
of steel, in the chemical*proces3 indus- 
tries, and in the metal fabrication and 
medical Helds have been well known 
and publicized for many years. 

These, together with additional ap- 
plications of cr>’ogctuc processes to the 
petroleum, natural gas, glass, cement, 
food, and electronics industries, give the 
cryogenic field a firm foundation for 
future growth. The low-tcmperaturc 
and cryogenic products of commerclai 
importance include refrigerated propane 
and anhydrous ammonia, cari>OR diox- 
ide, nitrous oxide, ethane, ethylene, 
methane, oxygen, nitrogen, argon, 
chlorine, hydrogen, and helium. The 
chemical formulas and boiling points of 
these and the other products normally 
associated with low-temperature and 
cryogenic applications arc shown in 
Tabic ! (Page 6), along with the desig- 
nations of classes of .steels used in equip- 
ment for service at the Ixnling-point 
temperatures of the products. “Low- 
tcinperature” and '‘cryogenic” tcchnol- 
t^ks may Ijc defined for present pur- 
poses as involving temperaturot to 
— 150*F and —459'’F, respcctiv’cly. 

In terms of volume of products, the 
steel and chemical-processing industries 
represent the largest single commercial 
con.sumcrs for all of thesw products. Var- 
ious agencies of the government, of 
course, have been and will continue to 
Ijc consumers of considerable impor- 
tance, Presently, the steel industry and 
chcmical-proccssing industries consume 


over half of the total atmospheric-gas 
production In the country and will con- 
tinue to take that portion for the fore- 
seeable future. 

In the steel industry, as elsewhere, 
these commodities are used in two gen- 
eral types of equipment. The first, pri- 
marily plant equipment, represents rel- 
atively complex machinery performing 
specific functions in production opera- 
tiom. This type of equipment includes 
heat exchangers, cold-box equipment, 
distillation columns, compressors, con- 
trols and instrumentation. The other 
type of equipment is devoted primarily 
to material-handling aspects of storage, 
transportation, distribution, and ulti- 
spate consumption of cryogenic fiulds 
(as cither liquids or gases). Carbon, 
alloy, and stainless steels for iow-tem- 
ptapturc and cryogenic service arc used 
in both areas. 

United States Steel produces a family 
of steels covering the entire range of 
Ipw-tcmperature and cryogenic applica- 
tioas. Individual steels may be best 
suited only to certain areas of use. Their 
mechanical and physical properties vary 
with alloy content and the stceimaking 
process. To fabricate these steels suc- 
cessfully, a knowledge of their properties 
and characteristics is cs,sential. The de- 
tailed applications of materials given in 
this publication arc offered as a guide 
to successful workmanship. 

When ordering cryogenic and low- 
tcmperaturc Steels, the purchaser should 
always inform the supplier of the end- 
use of the material and the fabrication 
techniques to l)c employed in order to 
obtain the most suitable material. For 
applications under unusual conditions, 
or where special suggestions may be 
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Table 1. Boiling Points of Gases and a List of Steels for Servico 

at Boiling Points 


CasfMMdity 

Chomical 

Formula 

ApprexlmaU Betting Mnt 
at 1 Atm 

SiMia Nerawtiy 
CemMwred (or Santee 
at Baiting Mnt 

X 



'B 

Butim 

SaHur Onside 
tsoixtiaM 
Mtthyl Chloride 
Fluorocarixm Rofriiorsiit,, 
Amnwnit 

Fluoractrhon 8efri8erant„ 

Katont 

Proi»m 

Propylena 

Hydrogen Suilide 

C.H*. 

S0> 

(CHAC.H, 

CK.CI 

€CI,F, 

NH, 

CHCIF, 

C,H,0 

C.H. 

C.H. 

HzS 

- 0.6 

- lO.Q 

- 10.2 
-23,7 
-30,0 
-33.3 
-40.6 
-41.0 
-42.3 
-47.0 
-59.6 

272.5 

263.1 
262.9 

249.4 

243.1 

239.8 

232.5 

232.1 

230.8 

226.1 

213.5 

1 f 1 1 t ) 1 1 

490.6 

473.7 

473.3 

449.0 

437.7 

431.8 
418.7 

417.9 
415.6 

407.1 

384.4 

A201t 

A212t 

A516t 

CHAIt-PAC 

0SS*Tr(A5l?) 

2Vi9SNic|(eiSteei(A203) 

Carbon Dioxide* 

Acetylene 

Etbane 

Nitrous Oxide 

Eiiiyiene 

Xenon 

Ozone 

CC, 

C.H, 

C.H. 

N, 0 
C.H, 
Xe 

O . 

-78,5 

-84.0 

-83.3 

-89.5 

-103.8 

-109.1 

-m,9 

194.6 
189.1 
184.8 

183.6 

169.3 
164.0 

161.3 

-109.3 

-119.2 

-126,9 

-129,1 

-154.8 

-164.4 

-16S.4 

350.4 

340.5 

332.8 

330.6 

304.9 

295.3 

290.3 

Stainlets Steers 
(AISI 300 Series) 

3MI% Nickel Steels(A203) 

Krypton 

Methane 

Oxygen 

Argon 

Fluorine 

Carbon Monoxide 
Nitrogen 

Kr 

CH, 

0, 

A 

F. 

CO 

N. 

-151.8 

-I6I.4 

-183,0 

-185.7 

-187,0 

-192,0 

-1M.8 

121.3 
ill ,7 
90,1 
87.4 
86.0 
8U 

77.3 

-241.2 

-258.5 

-297.4 

-302.3 

-304.6 

-313.6 

-320.4 

218.5 

201.2 

162.3 

157.4 

155.1 

146.1 
139.3 

99i Nickel StMl 
(A 353) 

Stiinlass Steels 
(AlSt 300 Series) 

Neon 

Tritium 

Doiiterium 

Hydrogin 

Koiium 

Hoiium 

No 

T. 

D, 

H. 

M 

Ho* 

-245.9 

-248.0 

-249.5 

-252.7 

-268,9 

-269.9 

27.2 

25.1 

23.6 

20.4 

4.2 

3.2 

-410.6 

-414.4 

-417.1 

-422.9 

-452.1 

-453.8 

49.1 

45.3 

42.6 

36.8 

7.6 

5.9 

Stainiess Steels 
<AISI 300 Series) 


'ShMImm. 


needed, the nearest Sales Office of 
United States Steel will supply addi- 
tional assistance on requ<»t. 

The total commercial dTort of United 
States Steel is aimed at providing better 
customer service in the sale and use of 
steel and steel products. This sales effort 
is reinforced by such USS departments 
as Marketing, Metallurgical, Engineer- 
ing, and Research & Technology— the 
last consisting of a staff of 1,700 in the 
steel industry’s largest and best equipped 
Research Center. 


I-ow-tempcrature and cryogenic steels 
arc a group of ferrous metals which pos- 
sess desirable metallurgical character- 
istics for tanks, pressure vessels, and 
piping (used principally for the process- 
ing, transporting, and storing of lique- 
fied gases), as well as certain other items 
of process equipment, and for structural 
uses requiring ductile steels at tempera- 
tures for which the more conventional 
materials arc unsuitable. 

The ’‘low-temperature” steels are 
those especially suited for extremely cold 


« 





,<p- 










f \ On« of th« most ttcnificont advancn in Cfyo- 
V j Bonic tochnology «ia» tho AOL -Collin* Htlium 
Cryostat. Mora tfian 2S0 of tn*** holium Ik|us- 
Q liar* ar* usod m low tamporatur* installations 

diiiiam and fur thr handlini; uf n-la> 
livfly "wann" (to — I50*F) liqiH'fi<*d 
i;am such as prupanr, anhsdrous am- 
munia, carlmn dioxide, and ethane. 
C:r>ot{fnic steels, such as nickel steel, 
and tin* austenitic stainlevi steels, are 
ca|)ahle of retainint; tuuithness in appli- 
ratioas invulvinB the sturinK and han- 
dlini; uf liquFtied methane, oxynen, ni> 
iruBen, an;un, hydm«[en, and helium 
to -4,Vl*F. 

The folluwinR pai(es are intended to 
provide designers with summary infor* 
matiun pertaining to the composition 
and properties uf those carlxm, alloy, 
and stainless steels which possess desir* 
aide metallurKical characteristics for 


throuehout ths Frso World. Hors, a product 
dovalopmont team at Arthur D. LIMIa. Inc., 
ospvsriments with liquefaction of heiium gas. 
using a 200'liler stainless steel Dewar vessel. 

Iuw>iem|x'raturc and cryoRcnic serske. 
Table 2 i{ives the nominal cum|Kisitiun 
of the steels iocluded in the L'SS “ramily 
of Steels" for luw-temperatun' and cryo- 
Renic sersice. Table 3 identifies the per- 
tinent .\S TM Specifications, .\SMK 
Specifications and C'ude Cases, and 
AlSi desiRnations relatinR to carbon, 
alloy and stainless steels for these appli- 
cations. The mechanical and physical 
properties having major significance for 
applications in low-temperature and 
cryogenic service are shown in Tables 
4 and 5, respectively , and Table 6 .shows 
the availability of these steels by prtxiuct 
clavsificatiun. 




Table 2. Composition Ranges of Family of 
Steels for Low-Temperature and Cryogenic Service**^ 
Carton StMto 


list 

Onipwtin 

U» CHM-FM 


Ctowtol Cw aa t MaB (nitaat) 


•** 

Carina 

■laoiana 

Stiteeai 

BHnr tlaanala 

A»7(9 

e.io 

0.70-1.3$ 

0.134.50 

P.0.M;S,0.e$: 
snaltaRiauataal 
C», Cr. Hi ate Ma 


o.» 

0.13-1.20 

0.154.30 

P, 0.04; S, 0.05 

SratoS 

o.» 

O.IS-1.20 

0.154.30 

P, 0.04; S, 0.05 

*IS2a 

s.ss 

0.03-1.20 

S.134.30 

P, 0.04; S, 0.05 

fintoS 

0.31 

9.IS-1.20 

0.154.30 

P, 0.04; 5. 0.05 

«S33 





firatol 

G.S0 

0.40-1.01 

aaUsar. 

P.O,OS;S.O.OS 

Cntot 

0.30 

0.23-1 .OS 

O.iO ntiR. 

p,o.04i;$. 0.051 

A314 





entot 

0.30 

9.40-1.03 

aatfoac. 

P.0.05;S,0.« 

States 

9.30 

O.29-1.0S 

0.10 tell. 

P. 0.041; i, 0.050 

km 





SrateSS 

o.» 

0.00-Ue 

0.154.30 

P.0.M;S,G.(S 

Grate IS 

o.» 

0.01-1.10 

0.154.30 

p,o.H;s,o.e 

A»S(>) 




Grates 

9.10 

0.304.00 

0.154.30 

P. 0.04; S, 0.05 

GtateM 

o.» 

0.304.30 

0.154.» 

P, 0.94; S. 0.05 

Grate IS 

a.H 

O.OS-1.20 

0.154.30 

P. 0.04; S, 0.05 

Grate 71 

e.» 

O.OS-1.20 

0.154.30 

P, 0.04; S, 0.05 


USS 

ASmSpaB. 



C-MlMCill wMipillCilC vRnW 


Ha. eSrate 

CarSaa 

VlMljPHHNNl 

SUtat 

ChflMrillM 

NicM 

uss“T-r 

ASTMA517 

Gra3«F 

0.104.20 

0.00-1.00 

0.154.35 

0.404.05 

0.70-1.00 

USSMIXNi 

ASni A203 
GrateA 

0.174.23 

0.»4.I0 

0.154.30 


2.IO-2.SO 


Grates 

9.214.2$ 

0.704.S0 

0.154.30 


2.10-2.30 

USSSHSNi 

ASTil A 203 
GrateO 

0.174.20 

0.704.00 

0.154.30 


3.25-3.75 


GiateS 

0.204.23 

0.704.00 

0.154.30 


3.2S4.75 

uss on Hi 

ASnt A3S3 

GrateA 

0.13 

0.00 

0.154.30 


0.50-9.50 


Grates 

0.13 

0.90 

0.154.30 

*a... 

I.S9-S.50 


eSwr H rwr n tt 

' M*. Q.40-C.M); V. 9 0S G.qh 
eii.O.:S4.5a;B.0.9e2-9.GOI; 
r,0.^;S,0.(M0 



CtoatoM GmiiimHIm OmmcM) 


ult »•; 

<MSI SOI) 

uss tie 

<iU»S0I) 

uss lias 
(MSI SM) 
uss tS4L 
(MSI SOIL) 
USS U-IFS 
(MSI SOI) 
USSSS-U 
(MSI Ml) 
UU tS-ISS 
(MSI SMS) 


CarSrn 

Saagiaiaa 

SliiMH 

CIlfMlIlM 

MMte 

OUnr llai 

0.15 

2.00 

1.00 

lt.00-is.00 

0.00-0.00 

P, 0.045; S, 0.030 

0.?5 

2.00 

1.00 

i7.n-it.oo 

i.n-io.n 

P. 0.045; S.0.l»0 

0.00 

2.00 

1.00 

M.Oe-29.90 

0.00-12.00 

P, 0.045; S, 0.030 

0.03 

2.C0 

1.00 

13,00-20.00 

0.00-12.00 

P, 0.045; $.0,030 

0.12 

2.00 

1.00 

i7.oo-ii.eo 

10.00-13.00 

P, 0.04$; S, 0.030 

9.20 

2.00 

1.00 

22.00-24.00 

12.00-15.90 

P, 0.045; S. 0.930 

0.01 

2.00 

1.00 

n.00-24.00 

12.00-15.00 

P, 0.04$: S, 0.030 


(CenUnuw) sn imt pait) 






Table 2 (continued). Cktmposition ftanges of USS Family of 
Stoeis m Low^Tomperature and Cryogenic Service 
Stthriwc Stoiii* 


Attai>pa«<k 

€fi— kit C— ipggMtwi (Hwal) | 

CiihM 

■muimm 

HHifiifli 

CknHRimi 

NKM 

OUMrtlMMHU 

USS 2040 

0.2$ 

2.00 

t.so 

24.0040.00 

11.00-22.00 

r,0.04S;S, 0.030 

(AISI 310 
USS2S40S 

0.00 

2.00 

1.90 

24.ao.20.eo 

U.00-22.00 

9,0.04$; 5,0.030 

(AISI 31») 
USS iS-SMt 

0.01 

2.00 

1.00 

is.oe-u.oe 

10.00-14.00 

2.00-3.00; r, 0.04$; S, 0.030 

(AISI 310 
USS 114 MM. 

0.03 

2.00 

9,00 

io.oe-u.oo 

10.00-14.00 

H». 2.00-3.00; 9, 0.04$; S. S.HO 

(AISI Sift) 
ins 104 Tl 

0.03 

2.00 

I.W 

17.e0-U.90 

t.00-12.00 

Ti, SxC. nin.; 9, 0.OU; S, 0.«» 

(AISI 3|l} 
USS IS4CkTi 

0.01 

2.00 

1.00 

I7.00-U.00 

0.00-13.00 

C 04 .T 4 ; lOxC, Ml.; 9, 0.04$;S. O.OH 

(AISI 347) 






USS 104 Ck 
(AISI 340 

0.00 

2.00 

i.flO 

17.00-13.00 

9.00-13.00 

c^^io>(^i^;Ti,e.u;ek,e.20: 


(!) EncteHWMHi»aiMKMfH«i|ivsRinriiei(iMit<WMNi<mtKpMljip*i(|M«diKl(«4,;latH,t«Maf 

4in (««, ttkIiMitt). Fw iMT* liifgnMlhHi cmhiM aftcHteilim WsMHM ii ttU* 3 «r ywr USS MiMHiii. 

(O tra iRSSijiMiM iMitM* *tk«(«iw (faciM ef i n*p i* 

(3) 3m ItM* 3 (nr ASTM siHeKtcaliM m 4 MME «•<« ««M iKiRibtn e*rrwpMi4iii| to US$ MiMHiNn. 
(«)T»«TliA3WMisilicMML ($} «l»k iw)««ea«eM. 

Table 3. ASMS Specification and CodeCase Numbers, ASTM Specification 
Numbers, and AtSI Type Numbers Related to Fiat-Roiied and Tubuiar 
Products of USS Steels for Low>Temperature and CryiHienic Service 


iiSt 


, AIM 

pa* 


CariMitiMl* 
USS CHAR-FAC 


AtktjrSiMil 

USS*T-l" 

USS tm Hi 
USSSMXNi 
USS m; Hi 


MslRiMS Sls#fs 

USS 17-7 
USS IS4i 
USS M4S 
USS 1I4L 
USS It^lfS 
USS 2S-12 
USS 2S-12S 
USS 2S-» 
ussn-zos 
USS ll-S Me 
USS IS4 IM. 
USS ll-tTi 
USSlMCtlT* 
USSIMCU 


301 

302 
3M 
30«L 
300 
300 

i!F 

3105 

310 

310L 

32! 

347 

sa 


j fWM 

TNiwiaf ftwkrta 

1 ^ 

ASTM 

AHW 

Asm 

CM* 

CumNi. 

1ST 

SMC. 

Mr 

CmrIIr. 

nst 

H—Mr 



AS37*» 





SA-201* 

SA-212* 

SA-442 

AUlt 

A2I2T 

A442 

AS»t 


SA-333 

SA-334 

A333 

AIM 

1340 

SA-9W* 

* 

1204 


A $17 
(OndiF) 





SA-203 

A203 


SA-333 

ASM 


(OtiOmA AS) 

(SnOMASS) 


(SnfcT) 



A203 


SA-334 

(OnMT) 

A334 


SA-203 


SA-333 

A333 


(OnMlDAe 

(OcMmDAE) 


(SraM3) 

SA-334 

(6n0i3) 

SA-333 

A334 

1300 

SA-3S3 

A3$3 

1300 

A333 


(tnMiAAS) 

(SrtMiAAS) 


(emoie 

SA-334 

(0n0«e 

A334 
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Table 4. Room Temperature Mechanical Properties of USS Family of 
Steels for Low«Temperature and Cryogenic Service 
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Table 4 (continued). Room Temperature Mechanical Properties 
of USS Family of Steels for Low>Temperature and Cryogenic Service 
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Table 5A. Physical Properties of USS Carbon and Alloy 
Steels for Low*Temperature and Ciyogenic Service (Properties 
Determined at Room Temperature Unless Otherwise indicated) 
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Table 5B. Physical Properties of USS Stainless Steels 
for Low-Temperature and Cryogenic Service (Properties 
Determined at Room Temperat'ire Unless Otherwise indicated) 
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Table 6. Avaiiabifity of USS Low^Tomporature and CryiHfonic Stools 
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B«cau*« miMil* fuels must remain chemically 
clean at extremely low temperatures, tanks 
and related equipment for the storage and 
handling of liquid oxygen, nitrogen, hydrogen, 
and helium are fabricated almost exclusively 
of tough, corrosion resistant 304 stainless 
steel. The 28.000 gallon vessels shown here 
supply liquid oxygen to Atlas and Tilan launch 
ing sites 



II. Service 
Considerations 

A. Application of Cryogenic 
Process Equipment 


The production and handiing problems 
in low-temperature and cryogenic proc- 
esses have, until recently, limited the 
supply and distribution of liquids and 
gases to a regional basis. 

Even today, there are problems and 
hazards in Itandling some of these gases 
and liquids in a pure state. Some com- 
modities are either highly reactive (acet- 
ylene and ozone) or extremely toxic 
(carbon monoxide). As a result, many 
of these chemicals are normally con- 
sumed in the gaseous state at the point 
of manufacture. 

Acetylene is, of course, widely dis- 
tributed and used throughout the metal 
fabricating industries as a source of en- 
ergy for welding and cutting. For such 
purposes, acetylene is normally partially 
dissolved in acetone and handled in 
specially designed cylinders. 

One of the major benefits to be de- 
rived from handling gases in liquefied 
form at cryogenic temperatures is the 
enormous reduction in volume resulting 
from liquefaction of gas. Savings are 
achieved because one cubic foot of 
liquefied gas is equivalent to many hun- 
dreds of cubic feet of gas volume at 
normal pressure and temperature. Con- 
sequently, the handling of cryogenic 
fluids requires less container space with 
accompanying saving in material, trans- 
portation, fabrication, and erection 
costs. 

In the case of some of the low-tem- 
perature fluids such as ammonia and 


IS 


propanr, increued den«iti« u well ai 
reduction in prcssuiet provide the econ> 
omy needed to juatify the low*tempera- 
ture proceaaing. 

In the processing of these gases to lew 
temperatures, refrigeration is carried out 
through one of several variations on the 
basic thermodynamic cycle, which con- 
sists of compression, cooling, expansion, 
and Anally, liquefaction. 

Variations on this cycle to take advan- 
tage of outside sources of refrigeration 
may be considered, depending on pro- 
duction rates, temperature of operation, 
and availability of other and perhaps 
less expensive cryogenic fluids. The use 
of nitrogen for precooling hydrogen dur- 
ing its liquefaction, as well as the use of 
such refrigerant gases as ethane or pro- 
pane in the manufacture of liquid meth- 
ane, has some economic justification. 

In processing some of the low-tem- 
perature fluids down to — 75*F, one of 
the fluorocarbon refrigerant gases may 
be liquefied and used as a direct heat- 
exchange medium to liquefy the fluid 
in question. This type of liquefaction 
may !>c particularly useful if the mate- 
rial to lie refrigerated has hazardous 
characteristics, or if “work” done on 
the fluorocarbon refrigerant may be ther- 
modynamically more efficient than that 
done on the product actually desired. 

For some of the initial stages of low- 
temperature and cryogenic processing, 
‘emperature levels are not as low as 
those experienced at the liquefaction 
step in the cycle. In these relatively 
warmer processing stages, some of the 
higher strength carbon steels and the 
lower nickel alloy steels may be eco- 
nomically and efficiently used. In ordi- 
nary practice, the steels in these cate- 
gories are well known and easily chosen 
fur applications in pumps, compressors, 
and expansion engines associated with 
low-temperature and cryogenic sers'ice. 

In still another category, the trouble- 


IJ 

free performance of the stainless and ^ j 
alloy steels in heat exchanger service 
throughout the process industries is well . . 
known The distillation column (or the * ' 
low-temperature separation column) 
may be constructed of alloy or stainless ( ) 
steels because of the combined struc- 
tural and thermal properties of these I ) 
steels at low temperatures. In general, 
cold-box equipment is constructed of | j 
stainless steel or alloy steel when minimi- 
zation of heat leak and product Ion . . 
through vaporization and/or recycle are ' 
important. 

An example of the multitude of uses < i 
of stainless steels found in air-separation 
plants can be seen in the schematic flow | 
diagram of the A» Uquiit low-pressure, 
air-separation plant (Figure 1). This < j 
type of unit is used extensively in the 
metallurgical and petrochemical indus- . i 
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tries, and is used for the production 
of low-pressure toniuige oxygen of 95- 
98% purity. 

Siaiidess steels are employed by Air 
Lifu,'^ for this particular system in the 
pipin’^, in the shells for the distillation 
columns and the heat exchangers, in the 
heads and tubes, in the regeneraton and 
even in the instrument connection lines, 
sampling lines and pressure lines. 

Stainless steel’s ability to be used in 
conjunction with other materials, its 
structural strength, its ability to with- 
surtd thermal shock, as well as iu heat 
transfer characteristics, make it a supe- 
rior material capable of performing 
economically under the most critical 
operating conditions. 

Trouble-free installation on instru- 
ment lines, sample lines, ano preuure 
lines is a necessity in providing accu- 


rate operating data as well as minimis- 
ing maintenance cosu in the operations 
of these atmospheric gas facilities. In 
typical installations of this type of plant, 
more than 10 tons of stainim steel arc 
.'mployed for every hundred tons capac- 
ity per day for production of oxygen. 

In individual components for atmos- 
pheric gas liquefaction arxl separation, 
stainless steels may be required in heat 
exchangers, rcboilers, and condensers. 
In these applications, suinlcss steels have 
been used alone and in coqjuttctiun with 
copper and other iiuiterials depending 
upon the individual manufacturer’s de- 
sign. Stainless- and alloy-steel piping 
has provided economic atKl reliable serv- 
ice in spite of the large temperature and 
pressure gradients which are sometimes 
found in these plants. 

The appropriate types of steels used 




Fig. 1. Air'S^paratiofl Plant Flow Diagram 
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for these plants will depend on the type 
of cycle, operating pressures and tem- 
perature employed in the particular 
liquid oxygen, nitrogen and argon facil- 
ity. Stainless steels are now being used 
extensively in plants producing over half 
the world’s supply of oxygen, nitrogen 
and argon. 

Once the liquid Is produced, it is nor- 
mally sent to liquid-storage facilities for 
further distribution by pipeline, tank 
truck, rail or boat. Airborne movement 
of small quantities of the liquehed gases 
has also increased, particularly for some 
of the higher value fluids, such as liquid 
helium. Storage requirements of these 
various fluids wili be considered in more 
detail by individual types of applications. 

The future of the cryogenic industry, 
as previously noted, is bright. The new 


areas of technology, in addition to the 
propulsion areas, include large segntents 
of the chemical, petrochemical, biologi- 
cal and food-processing industries. In 
addition, the electronics industry has 
found a number of new applications for 
low-temperature technology. 

Figure 2 indicates some orthese dec- 
tronic applications. Other new ap- 
proaches to energy production, such as 
the magnetohydrodynamic processes, 
and other areas where high magnetic 
fields may lie involved (perhaps in the 
fusion reactor area) may also use low- 
temperature cooling techniques to ad- 
vantage, All of these end-use areas have 
their o%vn individual service equipment 
normally associated with the final use 
of a cryogenic fluid. For many years to 
come, however, actual applications will 


Figure 2. l^wTemperature Applications in Electronics 



involve ii g«s rather than a low^temper- 
ature liquid, Normaily, the cryogenic 
fluid, if received in liquid form, will be 
vaporised (either through ambient air 
vaporiacr« or through the uie of heat 
exchangers employing outside sources 
of energy). Once the liquid is vaporiaed, 
it may be distributed in gaseous form 
through a ?'|pelinc network to the ulti- 
mate point consumption. 

If cryogenic liquids are to be em- 
ployed (such as in certain biological 
applications, in the freezing of perish- 
able foods, or in the liquid helium ap- 
plications concerning maser and super- 
conductive devices), special cryc^enic 
equipment must be developed for the 
ultimate end-use that will both perform 
the required function economically and 
efficiently and minimize the loss of the 
cryogenic fluid through vaporixation. 
The cleanliness, corrosion resistance, 
and low-temperature performance of 
the USS Staiiiiess and Alloy Steels make 
them ideally suited for such end-use 
equipment. 

The iliustrations on Page 20 depict 
erection of an air-separation plant and 
the fabrication of columns erf stainless 
steel for air-separation plants at the Air 
Liquid* manufacturing facilities, 

More recent innovations in atmos- 
pheric air-separation plant design in- 
clude the liberal utilization of both 9% 
nickel steel and stainless steel in Union 
Carbide Corporation’s Linde Division 
plant at Gary, Indiana. This plant, the 
largest of its kind in the world, will use 
USS 9% Nickel Steel in the silica gel 
traps, regenerators, and the iarge dou- 
blc-wallcd container for liquid ’’back- 
up” storage. Stainless steel will be used 
in the high- and low-pressure columns, 
the shell of the rcboiler condenser, the 
auii-coolcr, and most of the piping. 

The transportation and distribution 
of low-tempcraturc and cryogenic gases 
must be considered in terms of equip- 


ment use, Normally, large bulk storage 
facilities are found at the point of pro- 
duction and at central locations for dis- 
tribution. 

Between these points, transportation 
is usually by truck or rail, although the 
use of barge and ocean tanker to trans- 
port refrigerated propane, refrigerated 
anhydrous ammonia, and refrigerated 
methane is becoming more common. 

Where the cryogenic fluid is to be 
transfcired via piping, stainless steel, 
because of its excellent heat transfer 
properties In terms erf minimizing prod- 
uct loss, or 9% nickel steel, with its high 
strength and excellent performance to 
— 320*F, provide more than adequate 
service in insulated vacuum-jacketed 
piping. The lower alloy and the carbon 
Steels perform excellently under less 
stringent requirements of pressure and 
temperature. 

In large, field-erected spheres and 
cylindrical vessels, the individual choice 
(in terms of design specifications relative 
to the ASME and API Codes) will be 
discussed in following chapters. Stain- 
less steel has, of course, been used at 
temperatures approaching absolute zero 
for many years. The recent construction 
of a 50O-psi sphere for liquid hydrogen 
is only one of many examples where the 
high quality and economic advantage 
of steel is justified in cryogenic service, 

9% nickel steel is gaining added favor 
for ficid-ereqtcd cryogenic vessels, One 
example (Page 21) is a container ‘rc- 
centiy built for hydrogen service at the 
Brookhaven National Laboratory at 
Uptun, New York. In this service, liquid 
hydrogen is initially contained in a bub- 
ble chamber (— 420”?) which may need 
to be vented quickly in the event of a 
vacuum failure, A 27-foot-dlaraeter 
’’escape” sphere was fabricated and 
field-erected to provide for this con- 
tingency during experimental Work with 
liquid hydrogen. 
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A ow temperature gat teparation plant under 
constiuction at Maitland, Ontario. It was de- 
signed by AirliquK/e in Montreal lor Brockville 
Chemicals Limited. 


Fabrication o1 stainless steel columns for Air 
liquids air-separation ptaiits 
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U strong and ductile at rxtrctnciy low 
temperatutes without post weld heat 
treatment. More than 24 tons of one- 
half inch USS 9% Nickel Steel plates, in 
the double normalized and tempered 
condition, were used for this require- 
ment. 

Other types of plant storage arc char- 
acterized by the large field-erected liquid 
nitrogen storage facility at the Fairlest 


Should the liquid require rapid vent- 
ing during the tests, the mixture of 
liquid and gaseous hydrogen would be 
dumped into the vessel (causing local 
cliUling of the sphere walls), but the 
extremely tough 9 % nickel steel is well 
adapted to handle this type of thermal 
shock. For this particular application, 
the USS 9% Nickel Steel was used be- 
cause, in the heat-treated condition, it 


USS 9% nickal stMl has a minimum yiahi 
strength ot 75.000 psi at room tamparaturs. 
Its ASMt. alloarsbia design stress is 23.750 psi. 
This l03.000-cu..ft. Graver sphere was made 
from double norma*lied and tampered ’A’ 
plates without stress relieving the completed 
vassal. Fabrication and erection: Graver Tank 
and Manufacturing Co., Division of Union Tank 
Car Co., Chicago. 
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Works of United States Steel Corpora- 
tion. In this unit, double normaliaed 
and tempered USS 9% Nickel Steel 
plates were utilized for the inner con- 
tainer which was hydrostatically tested 
to 1 10 psi. The configuration of most 
cryogenic containers is that of a tank 
within a tank, much in the shape of a 
thermos bottle. Notmally, an insulation 
space is maintained between the two 
vcskIs to minimize the heat loss. Where 
the service requirements liccome critical 
in terms of minimizing this heat loss, 
evacuation of this inner space is eco- 
nomically justifiable. 

Maintenance of this vacuum Itecomes 
one of the long-term service problems 
related to a vessel of this nature and can 
become extremely important in dealing 
with either the very low-temperature 
gases or the more expensive ciyogenic 
comnuxlities. In these containers, prod- 
uct loss may occur because of poor or 
diminishing vacuum resulting from por- 
osity of welds. Completely nonporous 
welds, 100% X-ray inspected, are desir- 
able for the ultimate in quality perform- 
ance of vacuum-wall cryogenic contain- 
ers. The ease with which steels can lie 
welded and the resulting high quality 
of the welds is well known throughout 
the cryogenic and process industries. 
These characteristics, as well as the low 
rework factors associated with the vari- 
ous steels, make the alloy and stainless 
steels potential money savers in low-tem- 
perature and cryogenic service when 
compared with nonferrous materials. 

In non-ASME Code vessels, such as 
flat-bottom cylindrical containers with 
an ellipsoidal top, 100^^ X-ray quality 
welding is again important in minimiz- 
ing potential problems of storage and 
safety in handling a specific gas or liquid. 
Ill the*c land-based containers, as well at 
in the shipboard-type designs for liquid 
methane service, ^ nickel steel has 
demonstrated iu successful application 


not only in “Operation Cryogenics"* 
but in actual service as well. Presently, 
liquid natural gas storage facilities using 
9% nkkcl steel are lieing constructed 
in Africa, France, and the United .States. 

*Jntai tests conducted by The InlernatkmaJ 
Nkkd Company, Chicago Bridfc & Iron, and 
United States Steel in I960 to show suitalklity 
of 9% nickel steel Cor c r yogenic vessels. 



The tank eomponsnts shown havo boon s ss om- 
blod at tho Falrloss Works of Unitad Statos 
•tool to hoW liquid nltrogon. Tho vossol has a 
capacity of S.7S0 cubic foot and was dosignad 
to moot 1959 A8ME coda roquiromonts. Nino 
tons of it-inch, doublo normalliod UtS 9% 
nickol stool platos arsro usad for tho Innor 
tank shall. Tho vassal was stross roliovod aftor 
fabrication and hydrostatically tasted at 110 
psI. Ovor-all dimanslons are 12' diamotor s 37' 
ovor-all length for the innor tank sthlch srill bo 
onchMod In a 15’ X SO' carbon stool outer shall 
with insulation botwson tho two vassals. 




Storagr of liquid methane fur “peak- 
shaving” requirements for gas utilities 
is of increasing interest. Of the alter- 
native techniques for storage of this 
flammable cryogenic liquid, above- 
ground 9% nickel steel tankage appears 
to Oder the best combination of reliabil- 
ity and economy. Recent studies indi- 
o’.te that large-scale storage in this type 
'container can be accomplished at a total 
installed cost near S6.0U per barrel with 
possibilities of even lower cost as fabri- 
cating technology improves. 

In the shipixsard transportation of 
liquid methane, one must consider that 
the density of methane is less than that 
of water. The center ol gravity of a 
methane-carrying ship having steel 
tanks would be lower in the water than 
that of a ship using a lighter metal ; the 
ship’s stability would be greater with 
less ballast if it had steel tanks. In this 
type of specialty tanker, chances arc 
great that the vessel would ride empty 
on approximately half of its trips. It is 
essential to consider both the fully 
loaded as well as the unloaded marine 
conditions of the ship. 

Of particular note is the new liquid 
methane carrier, the “Beauvais,” built 


by Gaz de France, which carries liquid 
methane to France from Algeria in 9% 
nickel steel tanks. The “Gas Marine” 
and the “Jules N’erne” are two other 
liquefied-methane tankers with 9% 
nickel steel tanks. 

On the subject of water transport 
tion, products Iteing moved either inland 
or coastwise in the United States or via 
ocean liner to overseas pons normally 
come under the examination and appli- 
cable design criteria of the United Slates 
Coast Guard. Additionally, unless the 
vessel is self-insured, the American 
Bureau of Shipping is concerned with 
the over-all construction. Rigorous qual- 
ity standards imposed by the United 
States Cxiast Guard arc well respected 
throughout industry in terms of both 
material requirements and fabricating 
procedures. 

For highway and rail movement. In- 
terstate Commerce Commission regula- 
tions apply to the transport of low-tem- 
perature and cryogenic fluids. Most of 
these rules have been developed through 
the Bureau of Explosives with the assist- 
ance of such industry groups ats .he 
Compressed Gas Association and the 
Association of American Railroads. 



Franch mathans tankar buiK by tha Salna 
Marltima Atallars at Chantirrs In Trait. Tha 
naw Franch siiip, callatf tha "Julas Varna," Is 
auulopad with six cylindrical tanks of 9 % 
nickal staal with a 4006 cubic matar capacity. 


Tha tanks sra 40 ft. high and 17 ft. In diamatar. 
Nina hundrad alghty tons of 9 % nickal staal 
wara usad In plata thicknassas ranging ba- 
twaan 7 mm. and IS mm. Tha tanks ars usad 
In tha vartical position abesrd tha tankar. 
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In the unk car area, the force* exerted 
by the suspension system of the railroad 
tank car must be considered as %«rell as 
the severe stresses which a tank car 
undergoes during normal coupling and 
uncoupling. Regardless of the internal 
pressure foi which a low>temperaturc 
or cryogenic tank car has been designed, 
the necessity of withsunding forces df 
acceleration and deceleration up* 
wards of 8 g’s easily justifies the use of 
steels in cryogenic service. 

Also, thermocycling nf this equipment 
can produce severe strains on the mate- 
rial, adding to the rigors under which 
the materials must perform. Here the 
high alloy and stainless steels again pro- 
vide the toughness and thermal stability 
needed in critical service. 

Another factor to consider in the rail- 
road transportation area is the likelihood 
that some large access openings will be 
required. Because of the inherent ther- 
mal properties of steel, manholes, where 
required, can be used with a minimum 


Transportlic crrogsnlc gasM by rail In a 
"Oravar" CryoMnIc Tank Car with an inner 
vMsal ot Typ* 304 atalniass steal. Oraver Tank 
and Manufacturing Co., Division of Union Tank 
Car Company built the apocial car. 


amount of additional insulation to prc' 


; vent heat leakage, compared with the 

> nonferrous materials. In addition, the 

structural support problems relative to 
the inner space at the manway area 
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are minimised through the use of steels 
having high strength at low and cryo- 
genic temperatures. 

In over-the-road equipment, most at- 
mospheric gas and liquid hydrogen trail- 
ers are normally designed for 25 to 50 




psi internal pressure plus a vacuum on 
the exterior of the inner container. Here 
again;, the inner vessel is potentially 
subjected to a number of external forces 
not normally associated with stationary 
storage containers. The adequate rigid- 
ity and high levels of strength, both at 
room temperature and at cryogenic tem- 
peratures, of USS 9% Nickel and Stain- 
less Steels is a valuable asset. 

Perhaps to a greater degree than in 
the stationary storage containers, main- 
tenance of high vacuum levels in mobile 
evacuated containers is essential to elim- 
inate gas or liquid loss. One of the best 
ways to assure this is to be certain that 
containers arc fabricated with nonpor- 
ous welds. Thermal cycling and product 
loss in cool-down of this type of con-' 
tainer are important considerations in 
the over-all economic performance. Fig- 
ure 3 (Page 26) shows the relative 
amounts of heat that must be removed 
to cool one-pound masses of several met- 
als (9% nickel and stainless steels, cop- 
per, and aluminum) from room temper- 
ature to various temperatures. 

As in all forms of transportation, an 
increased amount of product hauled at 
any one time may be of coasiderable 
importance in reducing the over-all cost 
of distribution. The strength require- 
ments established on the vessel can be 
of prime importance in determining the 
weight of a given container carrying 
cryogenic fluids. 

The combination of internal supports 
and stiflening rings and other structural 
members are often used in this type of 
vessel. Such structural members can, of 
course, be of considerable expense, espe- 
cially if complicated extrusions or struc- 
tural members are required. Addition- 
ally, these members add weight to the 
container so that over-all weight com- 
parisons of inner tank materials alone 
eWnot be considered. 

The over-ail design and construction 


of the container must be analyzM to 
give a fair approximation of Ae per- 
formance rendered. Additionally, in 
over-the-road equipment, shrinkage of 
the inner vessel as well as the sui>iequent 
compaction of insulation may provide 
additional strain on the vessel » well 
as increase heat loss in the whole con- 
tainer. Either this heat loss is relieved 
by adding additional insulation to the 
container (a relatively expensive prop- 
osition both in terms of removing equip- 
ment from service and the physical ap- 
plication of the insulation and redraw- 
ing of the vacuum on the container) or 
the user must be content with product loss 
because of the additional heat transfer. 

Relative to the previous discussion, it 
should be noted that while there are 
some trailers in liquid nitrogen service 
capable of hauling more than 7,000 gal- 
lons of liquid nitrogen over the road in 
relatively low-pressure containers, there 
are also high-pressure propane trailers 
made of USS “T-1 ” Constructional Alloy 
Steel that are capable of hauling 10,000 
gallons or more of propane over the 
highways in many states of this country. 

Imaginative design using the high 
strength and toughness of steels in these 
iow-temperature and cryogenic appli- 
cations will beneflt the fabricators and 
manufacturers as well as ultimate con- 
sumers of liquefled atmospheric gases 
and other cryogenic fluids by increasing 
the unit load that can be hauled over 
the highways. 

In addition to the trailers and trucks 
hauling these products, there are large 
numbers of smaller cylinders and por- 
table containers used in the transport of 
liquefled gases. In such containers, heat 
loss is critical to the performance of the 
container. The atmospheric gas produc- 
ers now use a wide variety of cylinders 
having approximately 3,0^ cubic feet 
of liquid oxygen capacity. Generally 
speaking, space limitations as well as 
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Heat Extraction (Btu) 
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insulation tolerances are so critical that 
the performance of the ferrous materials 
relative to their thermal properties fa- 
vors the use of steels in these cylinders. 

Also, the excellent cleanability possi- 
ble with the stainless steels and low 
alloy steels makes them highly desirable 
for these smaller cylinder applications. 
The smaller types of cylinders are nor- 
mally considered for liquid hydrogen 
and liquid helium, particularly in re- 
search programs. The cleanliness and 
low heat leak performance of the steels 
provide an added plus, both in dollars 
and actual operating performance, for 
those desiring the supercold produced 
by liquid hydrogen and helium. 

In numbers, the majority of the bulk 
storage containers for the low-tempera- 
ture and cryogenic fluids are shop fabri- 
cated. These normally range in sizes 
from about 200 gallons water capacity 
up to and in excess of 30,000 gallons 
water capacity. Many of these, particu- 
larly the larger containers, have access 
openings similar to those sometimes re- 
quired in tank car service. Where these 
access openings are required, ferrous 
materials, from a structural support 
standpoint, provide a design plus not 
associated with the nonferrous materi- 
als. The size of the individual storage 
container depends on which cryogenic 
product is involved, its relative produc- 
tion, and its required delivery schedules 
to the customer. 

In storage vessels, product loss due to 
high heat transfer rate can be critical, 
particularly where the vessel is initially 
oversized in anticipation of increasing 
use of the cryogenic fluids. Welding 
must be of the highest quality in order 
to minimize the loss of vacuum. Porosity 
can be an acute problem, particularly 
in dealing with .such products as hydro- 
gen and helium. Helium has the ability 
to diffuse completely through the parent 
metal of vessels made of certain nonfer- 


rous materials. Thus, the over-all eco- 
nomics of the container must consider 
not only the initial cost (which may be de- 
preciated over a 10- to 15-year life), but 
also the operating and maintenance 
costs, both of which may be critical. 


B. Special Design 
Requirements 

The importance of the space and mili- 
tary programs involving low-tempera- 
ture and cryogenic fluids has been 
evident for at least a decade. In this 
period, the Air Force, the National Aer- 
onautics and Space Administration, and 
a large number of contractors to the 
government have become involved in 
the selection and use of low-temperature 
and cryogenic equipment. 

Normally, these applications are .lot 
bound by the regulations of the ASME 
Code, but rather, given pieces of equip- 
ment are designed for specific missions 
or tasks. The cryogenic fluids normally 
consumed in these applications are in- 
volved cither in propulsion programs, 
in life support functions (such as breath- 
ing oxygen), or in space simulation 
equipment. 

In the propulsion area, production, 
distribution, and consuming facilities 
similar to those in commercial industry 
have been developed, with many of the 
facilities being designed and operated by 
independent outside contracting Arms. 

In many of these uses, as well as in 
the end-use functions (such as in missiles 
and space chambers), not only is design 
advantage taken of the operating cryo- 
genic properties of materials, but the 
allowable stresses of materials considered 
for design may be considered according 
to entirely different ground rules than 
those in the ASME Code. Even con- 
sidering the API standard 620, basing 
the allowable design strength on 0.3 of 
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Inspectors test a stainless steel coil heat ex- 
changer used in a cryopump which reproduces 
the high vacuum of outer space. Stainless steel 
is specified because it can withstand the low 
operating temperatures (— 443°F) and will not 
contaminate the gaseous helium used as a 
cooling medium. Consisting of two embossed 
sheets resistance welded to form double -size 
circulating channels, this application illus- 
trates the excellent forming and welding char- 
acteristics of 304 stainless steel. 


the tensile or 0.6 of the yield (whichever 
is lower), ‘i* nickel stiel has a favorable 
^^renl 5 th-to-weil;ht ratio relative to most 
of the aluminum alloys considered for 
crvo(?enic serx ice; the stainless steels are 
on an approximately equivalent basis. 

Where ultimate strenRth-to-xxeinht 
ratios are critical, designs employing 
austenitic stainless steels, as used in the 
Titan, Thor, and Atlas cryogenic mis- 
sile support systems, are well known. In 
addition, the attractive properties of 
steel have dictated its use in numerous 
s|Heific projects using cryogenic equip- 
ment such as space environmental cham- 
liers, wind lunnels, engine test stands, 
and cx|H’rimental aircraft (the RS-70 
and X-l.T). Most of the space chamljers 
are s|K'ciiicallx engineered to meet given 
testing requirements. 

The .Vational .Aeronautics and Space 
.Administration is conducting a great 
deal of research and development in 
the pretesting of parts and com|M>nents 
under simidated space conditions iK’fore 
ihex are actually put in serxice. 

Most space chamlH'rs tixlax are in- 
dividually engineered to test cjunpo- 
nents, engines, solar-activated devices, 
etc., xxith each space chamber having a 
rigorously detined mission. Space cham- 
Ikts ma> Ik‘ evacuated either using great 
amounts of evacuating equipment or 
lesser amounts of vacuum equipment 
along xvith the use of ultra loxv tempera- 
lures xvhich sloxx molecular mox-emeni 
and reduce the absoluie pressure in the 
s|)ace chamlMTs. Kilher of these metluxls 
can prox ide high levels of vaemim. 

In those areas xvhere loxx vacuums 
are desired, li(|uid nitrogen, hydrogen, 
or helium are commonly used for cryo- 
pumping. A'acmim chamlxTs are noxv 
commoidy desigm’d to vacuum levels 
of 10 or 10 I** torr, xvith experi- 
mental space chamlx-rs noxv deveU>|H‘d 
to handle vacuums down to 10 '''* milli- 
meters of mercury. In these areas, clean- 
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lincss, rcflcrtivity, and rmissiviiy arc 
important prop<'rtifs of materials. 

OiitffassinG', as a result of the almve- 
mentioned properties, and the cleanli- 
ness with which the material isfaliricatitl 
and handled are critical in providini? 
the most serviceable space chamber. 
The advantai?es of stainless steels in 
thesi- areas are descriln-tl in C.hapter III. 
Where minimization of hydroi?en con- 
tent in the steel is required, det^assius; 
techniques have tn’en fx’rfected t»> re- 
duce the dissolved hydrotjen content. 

In terms of liquid oxytjen anil the 
other atmospheric t?ases, the require- 
ments of the I’. S. .\ir l oree and the 
other space prourams relative to clean- 
liness have, on the whole, Ikvii more 
riijid than is normally founil in eom- 


PDM Spac* Chambar built by Pittsburgh -Oes 
Moines Steel Company of Type 304 stainless 
steel. 8’ in diameter and 8' long. The primary 
use of this chamber will be to evaluate pumps 
and their components: seals: transition joints; 
leak percentage: the effects of high vacuums 
on shrouds: and the use of vacuums in cryo- 
genic tanks. This chamber is cooled by using 
liquid nitrogen flowing through a shroud. 






mrrcial practice. Although stainlcs.s steel carlwn removal mi«tht lie expected, 

is used extensively to meet these critical As previously noted, for ICBM’s the 
cleanliness specifications, nickel steel stren^th-to-wei^ht ratio of the container 
is also licintt utilized today in similar material is one of the most important 

applications involving cryogenic serx'ice. design criteria. The stiffness ratio (L R) 

The reliahility which the stainless is another important design aspect. Most 

steels have shown in almost 30 years of requirements are such that a high yield 

cr>ogcnic service with the atmospheric and tensile strength are desirable at 

gases is indicative of their ability to per- cryogenic temperatures. In an effort to 

form well at ver\- low temperatures. provide these. United States Steel has 

For missile and allied ground support Ix-cn assisting in the development of new 
equipment, cleaning sp>eciFiCations for techniques of forming steels to provide 
liquid-oxygen containers normally limit l>etter performance, 
hydrocarlxjn content to less than 5 milli- The developments of the Mississippi 
grams per liter of cleaning solution in test facility, the Houston operations of 

final cleaning. Particle counts arc re- the National Aeronautics and .Space 

stricted from 0 to 150 microns with Administration, as well as the further 

specifications generally l>eing under 100 expansion of lx>th the Cape Kennedy 

microns and 150 microns as a maximum. operations and N’andenburg Air Force 

With surface finishes rougher than 62 Base in California, will see a large 

microinches, .some difliculty in hydro- amount of ground support equipment as 


Tanker made of USS "T-1" Steel by Butler weighed 4,500 pounds less than the old-style 

Manufacturing Company, Kansas City. Mis- twin-barrel models-adding an extra 500 to 

Bouri. Operated by E. Brooke Matlack, Inc. 700 gallons of propana per trip, depending 

When redesigned with "T-l.” this tanker on the temperature of the cargo. 
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wdl as fly-away hardware usine cryo- 
genic fluids. In most of these ar»'as, the 
design ent'ineers must l>alance safety and 
reiial>ility against the inis.sion and ti.e 
i-conoinics of perforinini; that mission 
successfully within fixed time tables. 

The variety and quality of the family 
of steels available from L’nited States 
Steel offer assistance in reachiinj the 
t(oals of our country's space prot;ram. 
L’nited States Steel C.orporatiun has 


conducted a (treat deal of research and 
development in improvintt the strengths 
of the stainless and allox steels and in 
the production and development of such 
steels as the maraitinit steels, precipita- 
tion-hardening stainless steels, L'SS 
TENELOX steels, and the lower nickel 
alloy stix*! gradts. 



In such units as Linde's 93VCC cold converters 
and their 150 VST storage vessels, for given 
pressure and temperature, the inner vessel 
shells of 9% nickel steel are thinner, yet as 
stiong as they would have been using costlier 
materials. The inner vessels for these units 
are designed to ASTM Specification A 353 
Grade B. with Vis* wall thickness. 
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In-fabrication photo show* 1,000-gallon liquid 
halium (— 452*F) Dawar manufactured by 
CRYENCO for General Dynamics/Aatronautics. 
It shows work being periormed on cool-down 
tube which surrounds a 304 ELC stainless 
steel Inner chamber as seen through the body 
of the stainless steel outer shell. Complete 
vacuum jacketed Dewar is mounted on trailer. 


C. Gaseous Storage 

The uriqinal methud of handlini; and 
distrihutinK must of the atmospheric 
ttases under discus.siun in this design 
manual was compres.sion rather than 
liquefaction. United States Steel has 
long supplied steels fur the fabrication 
of portable cylinders to distribute and 
store these compressed gases. 

United States Steel’s Christy Park 
Works produces steel high-pressure cyl- 
inders for railroad and highway equip- 
ment and stationary installations. Re- 
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crnt advances in the des-elopment of 
new steels for these hiRh-pressure pres- 
sure vessels have hrouitht almut some 
dramatic reductions in the cost of stor- 
atp* and distribution of these ttaseous 
products. 

Newly designed L’SS seamless pres- 
sure vessels can Ite mounted easily on 
trailers for the haulaite of compressed 
nitrogen, oxygen, hyd.ogen, helium and 
a variety of other gases. In fact, a special 
trailer design using these pressure vessels 
was developed by United States Steel 
to demonstrate how \-arious L’SS steels 
and steel pixxiucts would lie economi- 
cally incorporated in each unit.* 

•I’niird States Steel does not biiiW oe sell 
trailers. See ymir trailer mamifarl'irer fin 
details. 


Liquid Carbonic Oiatrlbutor Station manu 
(acturod by Ryan Induatrloa, Inc. It has a groat 
capacity of 4,800 gallont, with inner shell mate- 
rial being Vi* SA-240, Type 304 atainleat steel. 
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This trailer drsign is capahk of re- 
ducing the numl>rr of pressure vessels 
per tul>e-trailer over conventional de- 
signs (utilizing 9H' diameter cylinders) 
in the order of 7 to I. In addition to 
representing a saving in capital cost rela- 
ti\T to valves, safety devices and fittings, 
and mounting attachments, the opera* 
tion of these trailers allows a greater 
payload with reduced down time and 
maintenance. 

The I..rge diameter, individual pres- 
sure vcs.sels generally have correspond- 
ingly thicker walls, thus providing 
greater protection against impact. Also, 
they allow a lower center of gravity over 
conventional tulte-trailers, thus provid- 
ing improved trailer roadahility. 

The basic advantage in this design is 
obtained from the higher mechanical 
properties of alloy steel with the pres- 


sure vessels Iteing of the seamless type j 
with swaged ends. These cylinders may 
l)c obtained under the general class of ■ 
ICC specifications. With 10*/p overfill, 
their design sers’ice pressure may l)c as 
high as 2,640 psi for inert ga.ses. I 

The new tulte-trailer design, consist- 
ing of eight 22' O.D. x 34'4' long seam- t 
less pressure vessels, provides an equiva- 
lent of 621 cubic feet water volume. ) 
With a carrying capacity of over 100,000 
cubic feet of helium, siich a tube-trailer i 
can be transported across all but two * 
states in this countn . 

Currently, in states where gross vehi- 
cle weights of over 60,000 ptounds are 
permitted, some of these new trailers 
are operating with a carrying capacity 
of 1 28,000 standard cubic feet of helium 
gas. .Such increased capacities may Ite 
more than twice as large as the old j \ 


A 5,100-gallon liquid nitrogen trailer manu- 
factured by Ryan Industries, Inc., for National 
Cylinder Gas Division of Chemetron. It has a 
12 gage SA-240, Type 304 stainless steel 
inner vessel to protect its r-/ogenic cargo. 
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An over-all roar view of the Rolling Pipeline 
compreeeed gat cylinder trailer concept, de- 
veloped by U. S. Steel, revealt the large capac- 
ity carrier's design and the simplicity of the 
manifold assembly In the rear cabinet. USS 
Seamless Pressure Vessels reduce the number 
of cylinders per tube carrier over conventional 
designs on the order of 7 to 1, which meant 
lower center of gravity for better roadability 
and fewer valves, safety device connections. 


and mounting attachments; this in iurn re- 
duces downtime and maintenance. 

Rear mountings, in the form of brackets or 
saddles, are positioned over the center of 
suspension above the rear wheels. Vertical 
stay rods bolted through the trailer bed sup- 
port the cylinders in their brackets, which are 
tightened to 100 pounds of torque, and six 
sets of tie rods provide stability against for- 
ward or backward motion of the trailer. 
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trailers in service for the distribution and 
handling of these compressed gases. 

This new tul>e-trailer design is another 
example of I'nited Stales Steel’s interest 
in providing industrial users of gases 
and the compressed gas industry with 
Itetier economic performance in steels. 
This pmttitype high-pressure pressure 
vessel carrier also utilized square and 
rectangular hot-rolled carlion steel hol- 
low structural tubing in its frame to 
reduce dead weight, and yet provide 
the structural strength necessary to sup- 
jxjrt the nearly l8'/5 tons of cylinders. 
The details of the manufacture of the 
pressure vessels as well as the general 
design of the trailer arc shown in the 
photograph aljovc and in Figure 4 on 
Page 3H. 
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Figure 4. Twenty-Two-Inch 0. 


DATUM OIA. 
BOTH ENOS 


ZS.OOO'gallon LOX tank for rocket and missile 
use built with inner vessel of USS 9% Nickel 
Steel for strength and toughness down to 
— 320-F. Contractor: Air Products <■ Chemicals, 
Inc., Allentown. Pa. Designer -fabricator: Nooter 
Corporation, St. Louis. Missouri. 




Union Carbide liquid nitrogen refrigerator for 
•toring biological* ha* an Inner ve**el of Type 
304 *tainle** ateel. 



Regenerator ... for a new liquid oxygen pro- 
ducing plant ha* been developed that provide* 
a heat tranafar eurface of 3.000 *q. ft. per 
cubic foot of material, which i* claimed to be 
approximately twice the area of the beet de- 
*ign* now u*ed in eimilar application*. Two 
column*, each containing 15 stainless steel 
discs, approximately 2 ft. in diameter and 3Vi 
in. high, to exchange heat between incoming 
high-pressure air and the waste air from the 
plant, form the regenerator core for a 2 -ton 
per -day liquid oxygen producing plant being 
developed for the Marine Corps. The entire 
liquid oxygen producing unit, according to 


COSMOOYNE CORP., is six times lighter than 
present units per ton of output. This reduction 
in weight I* said to be achieved by the use of 
this advanced design core and a common 
compressor to be used both for the gas turbine 
cycle and the cryogenic cycle of the plant. 

Each disc of the regenerator is made up of 
flat 0.002 in. sheets of 302 stainless steel that 
sandwich V-pattern corrugated sheets with a 
pitch of 0.020 in. and only O.OIS in. high. 
Stainless steel was found to be most suitable 
for the application, following a study of various 
metallic and non-meiallic materials, including 
ceramic*, aluminum, lead and copper. 
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Becau*e of it* ability to ratain toughnai* at 
tamparatura* down to — 75°F, vassal* of 2^% 
nickal staal similar to the one pictured below 
have been widely used by the chemical proc- 
essing industry to contain liquefied gases. 


III. Materials 

A. Fundamental Selection 
Criteria 


In the selection of metals for low- 
tempera turc and cryogenic applications, 
design engineers should re-evaluate 
methods of metals selection Ijccause cer- 
tain design parameters take on a greater 
significance. 

Of course, the selection of metals for 
low-temperature application must be 
based on many mechanical properties, 
including the familiar yield and tensile 
strength, fatigue limit, ductility and 
toughness. Ductility, the al)ility of mate- 
rial to deform plastically, and toughness, 
resistance to brittle failure under specific 
conditions of stress concentration, must 
be present in metals that arc candidates 
for use at low or cryogenic temperatures. 

However, the final selection may be 
made on the basis of other properties. 
Low heat conductivity, low coefficient 
of thermal expansion and low emissivity 
are properties that can be used to ad- 
vantage in storage vessels, vacuum- 
transfer lines, and other components of 
low-temperature or cryogenic systems. 


Four catct'orii’s of stpcl Ijehavior arr 
of practiral intcrrst in low-icin|HTaturr 
service: 

1 . The transition from ductile to hrit- 
tle Ix’havior as a function of I'-tn- 
perature; 

2. C'x'rtain unconventional iiuxles of 
plastic deformation encountered at 
very low temperatures; 

3. The influence of phase transforma- 
tions in the crystalline structure on 
mechanical pro|KTties; 

4. Ratio of siretmth in the notched 
versus unnotched condition. 



Outstanding corrosion resistance, together 
with excellent strength and ductility at tem- 
peratures as low as that of liquid helium, have 
made 304 stainless steel the most widely used 
material in petrochemical, nuclear, missile, 
and other cryogenic applications where purity 
of product is essential. 


The choice of a suitable metal is af- 
fected hy its low-temperature properties, 
the desiitn in which the material will lx* 
employed, and the fabrication prtxess 
and prixedures necessarx for construc- 
tion, The usable temperature limits tif 
each steel are established by its rom(x>- 
sition and heat treatment. 

Of all the metals useful in construc- 
tion lor low-teiii|x-rature applications, 
steels remain the most popular Ix'cause 
they are the iimst ellicient, most readily 
available, most versatile and most eco- 
nomical. 

.Analysis of the erected c«>sts of vessels 
and containers fabricated of steel and 
nonferrous metals indicates that steels, 
oxer a very wide ranee, prox ide greater 
economies on the basis of hieher design 
stress and loxver unit costs, xviih no pay - 
load or xveieht penaltv, particularly in 
hieh yield strenelh steels. 

In addition, as previotisly noted, all 
of the steels considered here for loxv-tem- 
perature application are commercially 
available in a xvide xariety of forms, 
allhoueh plates for tanks and pressure 
vessels enjoy the widest rani;e of appli- 
cations. 

The discussion aiul data presented 
are therefore tlireetetl primarily toxvard 
plate steels ,ind are intended to assist 
the desii'iier and materials em;ineer in 
the selection and use of steels for loxv- 
letnperatiire anti erxouenie serx iee. 

File folloxvinit panes discuss the me- 
chanical properties to Im’ eonsitlered for 
each metal, as xm-II as infortiiation on 
the perlormance of each. 

.Austenitic stainless steel (which is 
nonhardenaltle bx heat treattnent) is an 
excellent materi.d oxtT the entire ramje 
of rryonettic applie.itions iK-cause of its 
toui’hness and hinh ductility at loxx tetn- 
peratures and U’cause it is hii>hly eor- 
rosiott resistant. In other xvords, the 
austenitic stainless steels meet all the 
requiretnents for loxx-tetn[MTature serv- 
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Because of operating temperatures as low as Wright Patterson Air Force Base. Dayton. Ohio. 

— )75°F, low carbon 3'/i% nickel steel was The metal's excellent workability is indicated 

selected for these brine storage tanks which by its use for forged steel tube sheets, pressed 

comprise part of a custom-built refrigeration steel heads, brine cooler shells, and for all 

unit serving high-altitude test facilities at brine piping and fittings 
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icc. They rcm^-ln tous'h at liquid hydro- 
f;en and liquid helium temperatures, 
and their coeHicients of thermal expan- 
sion and thermal conductivity arc lower 
than those of nonferrous cryogenic struc- 
tural materials. Most of these steels show 
a relatively small increase in yield 
strength as temperature is lowered, hut 
their tensile strength increases markedly. 
Ferritic and martensitic stainless steels 
arc not generally recommended for cry- 
ogenic use. 

In many applications, a wide range 
from low to high temperatures may 
occur in a single piece of equipment. 
Therefore, the properties of metals at 
elevated temperatures may also l>c im- 
portant. All of the steels suggested for 
low-temperature applications possess 
good short-time tensile and creep-rup- 
ture strengths. The carixjn steels and 
nickel steels arc used up to 650°F ; some 
alloy steels are used up to 900°F ; and 
stainless steel is well known for its high- 
temperature applications up to and ex- 
ceeding l.500°F. 



Because of its excellent resistance to sub-zero 
embrittlement, 43 tons of 2 %% low carbon 
nickel steel were used in this jacketed static 
altitude and controlled temperature test cham- 
ber which operates at temperatures ranging 
from — 65°F to 500*F, and simulates conditions 
at heights up to 75,000 feet. 
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One of nine vessels built (or "Operation Cryo- 
genics"— a series of destruction tests to dem- 
onstrate the suitability of 9% nicKel steel for 
very low-temperature use. Six cylindrical 
vessels like this one (4' diameter x 13' long. 

wall thickness) were refrigerated to minus 
320*F with liquid nitrogen and pressurized to 
failure. This is one of two such vessels of 
quenched and tempered plate, not stress- 
relieved after welding. Designed for 370 psi 
internal pressure (equivalent hoop stress in 
shell: 23,750 psi). the vessel withstood nearly 
6 times this stress, bursting at 2,160 psi 
(132,500 psi hoop stress). Other cylindrical 
vessels were fabricated of quenched and tem- 
pered or of double normalized and tempered 
material (some with and some without stress 
relief after fabrication) to compare effect of 
these operations. All vessels withstood at least 
four times design stress. All (ailed In a ductile 
manner. Impact tests on a rectangular vessel 
of 9% nickel steel also demonstrated the excel- 
lent low-temperature toughness of this steel. 
Tests were witnessed by designers, users and 
members of code regulatory bodies. 


B. Mechanical Properties 

1. Notch Toughness 

In general, most engineering struc* 
tores arc subject to stress concentrations 
under service conditions due to mechan- 
ical notches resulting from inadequate 
design and/or fabricating practices, or 
from the microsiructural variations in- 
herent in polycrystalline metals. 

Notch toughness is a property of steel 
reflected in its resistance to brittle fail- 
ure under conditions of high stress con- 
centration, such as impact loading in 
the presence of a notch. This property 
is a prime requisite of metals intended 
for low-temperature application, and is 
vital to selection of materials for storage 
and transportation of liquefied gases. 
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The notch toui^hncss of most ferritic 
steels decreases with decreasing temper- 
atures, and this factor is of critical im- 
portance in consideration of these mate- 
rials for crvoi^enic applications. The aus- 
tenitic stainless steels, on the other hand, 
do not exhibit the marked transition 
from toui;h or ductile Itchavior to brittle 
Itehavior with decreasini? temperatures. 

N’arious tests have Iteen devised to 
measure notch touRhness: these include 
the Charpy and I/.od notched-bar im- 
pact tests, the drop-weight test, the ex- 
plosion-1 >ulite test, the ntttched tension 
test, and others. 

The Charpy notched-bar impact test 
is widel\- used to test the touithness of 
steels intended for low-temperature and 
cryoRcnic service. While Iwth the key- 
hole and the \’-notch types of C’.harpy 
specimens have iK’en cmployetl and the 
keyhole test is standard in some speci- 
fications, the present preference is for 
the \’-notch type of specimen. C^harpy 
\’-notch tests may l)e employed alone 
or in conjunction with other tests to 
evaluate the notch toughness of a i»iven 
steel for specific low-temperature or cry- 
oijenic service conditions. 

Fiiture ,'i shows schematically a rep- 
resentati«)n t>f notch tout;hness of a steel 
with respect to an idealized \'-notch 
CUiarps [HTformance curve derived from 
a plot of actual test data. It will lx* 
noted that the notch toui?hness of a steel 
as measured by the C^harpy \’-notch 
test exhibits three behavioral transitions 
as temperature of testini; is decreased. 

Because a crack will propagate readily 
at temperatures hiither than those at 
which a crack will initiate easily, there 
are at least two different ways of ex- 
pressint; this transition from toui;h to 
brittle Ix-havior. One, a ductility transi- 
tion, indicates the tendency toward 
crack initiation (NDT, or nil-ductility 
temperature of the diat;ram in Figure 5) 
and the other, a fracture transition 


tl 
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(FTE), indicates the tendency toward 
crack propagation. 

Although there are few direct corre- 
lations l)etwecn performance of a speci- 
men in an impact test and performance 
of a structure in service, the impact test 
is used exten.sively as a guide and, from 
many years of experience, as a specifica- 
tion t(M)l for materials to l>e used at low- 
temperatures. For example, ASTM 
•Specification A 300 prescrilies minimum 
impact values for several steels that are 
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These 9% nickel steel vessels were installed 
as part of an oxygen nitrogen reversing re- 
generator system employed for the commercial 
production of liquid oxygen used in the flash 
smelting of copper. Fabricated of Ms* plate, 
these regenerators were welded with 25-20 
stainless steel electrodes. All welds, heat 
affected rones and base plate easily met mini- 
mum keyhole Charpy impact requirements of 
15 foot-pounds at — 320*F. 




44 


used in low-temperature and cryogenic 
applications. 

Since decreasing temperature is one 
of the major factors affecting toughness, 
the notch toughness of steels is most 
conveniently measured by lowering the 
temperature of notch-test specimens to 
a point where behavior changes from 
predominantly ductile t<? predomi- 
nantly brittle (NDT). While it varies 
with the test conditions and criteria em- 
ployed, this point at which the behavior 
changes from ductile to brittle is gener- 
ally expressed in terms of a transition 
temperature, as indicated in Figure 5. 

As previously stated, of the various 
tests that have been devised to measure 
toughness, the Charpy notched-bar im- 
pact test is used widely for steels in- 


tended for low-temperature and cryo- 
genic service. In the Charpy test, the 
criterion of toughness is frequently an 
arbitrarily selected minimum value of 
energy absorbed in breaking the speci- 
men, sueh as 15 foot-pounds at a desig- 
nated service temperature, using either 
a “V” or keyhole type of notch. While 
a foot-pound energy impact value is 
used in specifications, an investigator 
can also employ a selected percentage 
of fracture appearance, such as 50 per 
cent shear. The notched-bar impact tests 
may also be evaluated by measuring 
the lateral contraction that occurs near 
the root of the notch in the broken 
specimens. Lateral expansion of the sides 
of the impact specimens may also be 
measured as a criterion, and has been 



Figure 5. Schematic Representation of Notch Toughness Behavior with 
Respect to V-notch Charpy Tests. 
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suggested as a supplemental source of 
data to be used in conjunction with the 
drop-weight test. 

The drop-weight test, developed by 
the U. S. Naval Research Laboratory, 
is a “go— no-go” type of test that de- 
termines the temperature below which 
the capacity of a material to undergo 
plastic deformation under impact in the 
presence of a sharp notch is essentially 
nil. This is referred to as the “nil-ductil- 
ity temperature” or, abbreviated, NDT. 
The drop-weight test is covered by a 
tentative specification of the American 
Society lor Testing and Materials 
(ASTM E 208-63T). In this test, a 
weight is dropped onto a plate-like spec- 
imen supported at the ends, the point of 
itnpact being in the middle of the span. 
A brittle weld bead on the under or ten- 
sion side of the plate serves as a crack 
starter. A stop under the specimen pre- 
vents excessive plastic bending so that 
the specimen remains unbroken unless 
the material possesses a relatively high 
degree of brittleness. The NDT is a 
temperature 10° lower than the lowest 
duplicate no-break test performance. 

The Charpy V-notch test impact- 
energy absorption at the corresponding 
nil-ductility temperature also may be 
determined. However, the impact- 
energy absorption at a temperature cor- 
responding to NDT in the drop-weight 
test is dependent upon the composition 
and metallurgical condition of a given 
steel, varying from perhaps 5 to 10 foot- 
pounds in some mild structural steels to 
as high a.1 50 to 60 foot-pounds for heat- 
treated alloy steels. 

The explosion-bulge test, also devel- 
oped by the U. S. Naval Research Lab- 
oratory, evaluates primarily the crack- 
propagation characteristics of materials, 
which are rated by the test with respect 
to the nature and extensiveness of defor- 
mation and cracks caused by detonating 
an explosive charge above a plate or 


weldment supported on an open die. 

For cryogenic service, particularly in 
the aerospace industry, the notched-to- 
unnotched tensile ratio has been used 
as a criterion in the selection of steels. 
This ratio has been demonstrated to be 
a useful indicator of the tendency of 
material to behave in a tough or brittle 
manner. 

As previously stated, many other 
methods of investigating notch tough- 
ness, including the stress-analysis ap- 
proach, have been developed, but can- 
not be discussed here. 

In evaluating the transition from duc- 
tile to brittle behavior, it must be under- 
stood that no one transition temperature 
exists for any steel except under a par- 
ticular set of conditions and one criterion 
of toughness. 

The hallmarks of ferritic steels for low- 
temperature service are low carbon con- 
tent, deoxidation by fine-grain practice, 
increased alloy content, and heat treat- 
ment. Carbon raises the transition 
temperature while nickel and manga- 
nese lower it. 

The notch toughness of steel can be 
improved by grain refinement and by 
nickel content as shown by the effect of 
these variables on transition tempera- 
ture in Figure 6. Heat treatment also 
improves notch toughness, as will be 
discussed later in this section. 

ASTM A 201 and ASTM A 212 car- 
bon steel grades made to fine-grain prac- 
tice were for many years the only carbon 
steels available for use at low-tempera- 
ture service down to — 50°F. Two addi- 
tional grades covered by ASTM A 442 
and four additional grades covered by 
ASTM A 516 recently have become 
available. For such low-temperature ap- 
plications, these carbon steel grades (ex- 
cept the two A 442 grades) are manufac- 
tured in flange or firebox quality plate 
to meet the impact test requirements of 
ASTM Specification A 300 (which spe- 
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ciBes a Charpy keyhole impact value 
of 15 foot-pounds at a minimum test 
temperature of — 50°F). A 201, A 212 
and A 516 steel plate, to meet the re- 
quirements of A 300, are usually fur- 
nished in the heat-treated condition, 
either normalized or normalized and 
stress relieved. Stress relieving is recom- 
mended for plate intended for low-tem- 
perature service, particularly in heavy 
thicknesses. Under certain conditions a 
“modified” A 201 can be supplied to 


meet the specifications of ASTM A 300 
at -60*F. 

USS “T-l” Constructional Alloy 
Steel is a quenched and tempered low 
carbon alloy steel which combines a 
high yield strength (100,000 psi mini- 
mum) with toughness and weldability. 
This versatile steel has been employed 
satisfactorily in many vessels for service 
to — 50°F under ASTM A 300 Specifi- 
cations. The notch toughness of “T-l” 
Steel has also been evaluated by drop 
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Figure 6. Transition Temperature as a Function of Ferrite Grain Size 
of a Carbon and a Nickel Steel 
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weight and explosion bulge tests con- 
ducted by the U. S. Naval Research 
Laboratory. These tests indicate a nil- 
ductility temperature of — 80°F to —90° 
F and a fracture-arrest transition tem- 
perature of — 50°F for welded half-inch 
plate. These results demonstrate the 
toughness possessed by this steel over a 
wide range of low temperatures. 

The type of electrode used for welding 
is critical to the proper performance of 
“T-1” Steel at low temperatures. Table 
7 shows the Charpy impact properties 
of weld metal deposited by a few types 
of available electrodes. 


In the a;ioy sft 3b, nickel is the most 
common of the alloying elements used 
to lower the transition temperature. The 
general effect on impact value is shown 
as a function of temperature in Figure 7. 

A steel extensively used for a low-tem- 
perature service, particularly in the han- 
dling of liquid propane at — 44°F, and 
for other applications down to — 75°F, 
is low carbon 2>4% nickel steel. 

This steel, governed by ASTM speci- 
fication A 20.'1, Grades A and B, is pro- 
duced to the low-temperature specifica- 
tions of ASTM A 300, Class 2. Grade B 
has enjoyed the widest range of applica- 
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Figure 7. How Nickel Affects Impact Properties 
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Table 7. Results of Charpy Impact Tests on Weld Metal Joining 
Steel (Butt joints in V2-inch and l*inch thick plates) 
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30 
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70 
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*Tridtmitks o( Tkt Unde Co., Division of Union Carbide Corporetlon, Lincoln Electric Co. end Air Reduction Co. 


lions because of its higher ASME maxi- 
mum allowable design stress (17,500 
psi). Grade A has an allowable stress of 
16,250 psi. These steels are also covered 
by SA 203 of the ASME Boiler and 
Pressure Vessel Code. Typical Charpy 
impact properties of half-inch 2J4% 
nickel steel plate are shown in Figures 
8 and 9. In Figure 8 (Page 50), V-notch 
transition curves were determined for 
normalized half-inch and one-inch thick, 
iow carbon 2)4% nickel steel plate from 
a commercial heat. Values plotted in 
Figure 9 (Page 50) arc the results of a 
scries of Charpy keyhole tests on com- 
mercial steel plate furnished for pres- 
sure vessels to operate at — 75°F. 

Low carbon 3J4% nickel steel has 
had wide use in land-based facilities for 
the storage of liquefied gases at temper- 
atures down to — 175°F. It is frequently 
specified for tankage and piping to 
handle liquid propane, carbon dioxide. 


acetylene, ethane, and ethylene. It is 
governed by ASTM Specification A 203, 
Grades D and E. Low-temperature re- 
quirements are covered by ASTM A 300. 
Normal expectancy Charpy impact 
properties of normalized half-inch thick 
3J4% nickel steel plate are shown in 
Figures 10 (Page 50) and 11 (Page 51). 

The keyhole notch Charpy values are 
shown in Figure 10 for normalized and 
tempered 3JA% nickel steel, plotted as 
a scatter band. The curve drawn within 
the band indicates the median values or 
normal expectancy at various tempera- 
tures. Figure 11 shows similar results 
for the Charpy V-notch test. Figure 12 
shows the effect of heat treatment and 
plate thickness on impact properties of 
3!4% nickel steel. Table 8 (Page 51) 
shows the notch toughness properties of 
3 14% nickel steel at — ISO^F for half- 
inch welded plate. 
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Figure 8. Typical V>Notch Charpy Transition Curves and NOT Tempera- 
tures for Normalized 1Va% Nickel Steel Plate 
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Figure 9. Comparison of Keyhole Charpy Impact Test Results for Nor- 
malized and As-Rolled Commercial V^-inch Thick Plate of Low Carbon 
2V4% Nickel Steel 
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Tables. Notch-Toughness Properties of 3V2% Nickel Alloy Steel at 
— 150°F 0 / 2 -inch welded plate)* 


Condition 


As-welded 


Stress-relieved at 11S0°F 
*Sourc3: International Nickel Company 


Notch Location 

Energy Absorbed in 
Keyhole Charpy Test 
(Ft.-Lb.) 1 

Base Plate 

20 

Edge Heat-affected Zone 

14 

Middle Heat-affected Zone 

16 

Fusion Line 

17 

Weld Metal 

23 

Base Plate 

28 

Edge Heat-affected Zone 

22 

Middle Heat-affected Zone 

36 

Fusion Line 

36 

Weld Metal ] 

21 


Source; International Nickel Company 


NORMAL EXPECTANCY 


Temperature, °F 

Figure 10. Charpy Keyhole Notch Impact Values for 3V&% Nickel Steel 
(normalized, tempered, */^-inch thick plate) 
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Source: Inlecnationil Nickel Company 
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Figure 11. Charpy V-Notch Impact Values for 3V^% Nickel Steel (nor- 
malized, tempered, Va-inch thick plate) 
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Figure 12. Effect of Heat Treatment and Plate Thickness on keyhole 
Notch Charpy Impact Properties of 3V2% Nickel Steel Plate (Longitudinal 
Specimens) 
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Low carbon 9% nickel steel is a fer- 
ritic steel specifically developed to meet 
the economic and service requirements 
for cryogenic applications in the atmos- 
pheric gas equipment field. It has been 
used in the construction of various types 
of equipment for the manufacture and 
storage of oxygen, nitrogen, argon, 
liquid methane; the low-tcmperaturc 
separation of helium; and, to a smaller 
extent, a number of other commodities. 

The ASME Boiler and Pressure Ves- 
sel Code in 1962 approved Code Case 
1308 to permit the use of this steel in 
construction of vessels without the ne- 
cessity of postwcld heat treatment in 
thickness to two-inch inclusive. The re- 
sults of “Operation Cryogenics,” carried 
out at the Fairless Works of United 
States Steel Corporation in October, 
1960, demonstrated the low-tempera- 
ture suitability of this steel in both the 
quenched and tempered and the double 


normalized and tempered condition. 
These tests showed the desirability of 
elimination of post weld heat treatment. 
This further assisted in the economic 
acceptability of the steel. Some details 
of the tests are given in the caption of 
the illustration on Page 43. 

Charpy impact values for 9% nickel, 
in both the double normalized and tem- 
pered and the quenched and tempered 
condition, arc shown in Figures 13 and 
14 (Pages 54 and 55). Lalroratory test 
results indicate that the quenched and 
tempered material has good Charpy V- 
notch impact values near absolute zero. 
Based on current research and develop- 
ment results, it is anticipated that 9% 
nickel steel will be acceptable for welded 
pressure vessels for liquid hydrogen and 
liquid helium service. Table 9 shows 
notch toughness properties of 9% nickel 
steel test specimens for both the shielded 
metal-arc and inert-gas-shielded welds. 


Table 9. Charpy impact Test Results on As*Welded \^-inch Thick 9% 
Nickel Steel Plate (■> 


TemMrature 

°F 

Location of Notch 

Energy Absorbed (Ft.-Lb.) 

Charpy V-Notch 

Charpy 

Keyhole Notch 

75 

Shieldwi Metal-Arc Welds* 
Weld Metal 

68-80 

33-39 

-320 

Weld Metal 

60-71 

28-34 

75 

Heat-affected Zone 

119-127 

41-50 

-320 

Heat-affected Zone 

68-82 

29-37 

75 

Inert-Gas-Shielded Metal-Arc Weldsf 
Weld Metal 

104-114 

59-62 

-320 

Weld Metal 

96401 

44-52 

75 

Heat-affected Zone 

76-104 

41-52 

-320 

Heat-affected Zone 

43-50 

22-34 


Special hl|h nickel chromium covered electrodes with controlled additions of Mn-Cb-Mo to control iron dilution, 
tinert-tas— Special hl|h nickel chromium type wire containing tho usual elements with controlled additions of Mn and Ti to reduce 
sensitivity to iron dilution during welding. 

(a) Source: International Nickel Company 
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Figure 13. 

Results of 
Charpy V-Notch 
Impact Tests 
for 9% Nickel Steel 
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r Figure 14. Charpy Keyhole Notch Impact Values for 9% Nickel Steel 
^ (double normalized, tempered, plate up to 1-inch thickness) 
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Table. 10. Low-Temperature Impact Properties of Annealed 304 and 
304L Stainless Steel 


Type 

Product 

Size 

Test 

Temperature 

T 

Specimen 

Orientation 

Type of 
Notch 

Impact 

Strength 

(Ft.-Lb.) 

304 

3' Plate 

-320 

Longitudinal 

Keyhole 

80 

304 

3' Plate 

-320 

Transverse 

Keyhole 

80 

304 

2'/2" Plate 

-320 

Transverse 

Keyhole 

70 

304 

Vi" Plate 

-425 

Longitudinal 

Keyhole 

80 

304 

354' Plate 

-425 

Longitudinal 

V-notch 

91 

304 

314’ Plate 

-425 

Transverse 

V-notch 

85 

304L 

54' Plate 

-320 

Longitudinal 

Keyhole 

73 

304L 

54’ Plate 

-320 

Transverse 

Keyhole 

43 

304L 

354’ Plate 

-320 

Longitudinal 

V-notch 

67 

304L 

354’ Plate 

-425 

Longitudinal 

V-notch 

66 


Table 10 gives the low-temperature 
impact properties of annealed 304 and 
304L stainless steel. Table 1 1 shows the 
retention of impact strength of Type 304 
after low-temperature exposures up to 
one year in duration. This indicates 
that the steel is relatively insensitive to 
aging factors. In addition to the excel- 
lent performance of the basic material, 


welded sections of 304 retain good im- 
pact properties as shown in Table 12. 

Sensitization, due to intergranular 
precipitation of chromium carbides, can 
occur in several types of stainless steel. 
The severity of .sensitization depends 
upon the carbon content of the steel and 
the time of exposure to temperatures 
in the range of about 900 to 1500°F. 


Table 11. Low-Temperature Impact Properties of Type 304 after Pro- 
longed Exposure 


Type of 
Steel 

Time of 
Exposure 

Test 

Temperature, °F 

Charpy Keyhole Notch 
Impact Strength (Ft-Lb) 

AISI-304 

0 

-320 

85.0 


30 min. 

-320 

72 


6 mo. 

-320 

73.0 


12 mo. 

-320 

75.0 


Table 12. Low-Temperature Charpy V-Notch Impact Properties of Inert- 
Gas-Shielded Metal-Arc Welds in %yi' Type 304 Stainless Steel Plate* 


Test 

Temperature 

“F 

Weld 

Metal 

Heat-Affected Zone 
Distance from Notch to Fusion Line 

Ms" 

54’ 

54" 

Type 304 

-320 

38.5 

51.5 


64.5 

-425 

22.5 

53.0 

■SBI 

60.0 

Type 304L 

-320 

48.5 

58.5 

56.0 

75.5 

-425 

45.0 

53.0 

45.0 

64.0 


*AII value! are averages o( multiple tests; results are shown in foot .pounds. 
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Testing temperature, °F. 


Figure 15. Effect of Sensitization Heat Treatment on Charpy Keyhole 
Notch Toughness of Annealed Types 302, 304 and 304L Stainless Steels. 

(V. N. Krivobok, “Properties of Austenitic Stainless Steels at Low Tem- 
peratures.” NBS Circular 520) 



Figure 16. Combined Effect of Cold Work and Sensitization on Charpy 
Keyhole Notch Toughness of Types 302 and 304 Stainless Steels. (E. 
H. Schmidt, “Low-Temperature Impact of Annealed and Sensitized 18-8.” 
MetaS Progress, Aug. 1950) 
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Such exposure occurs in the heat* 
affected area adjacent to welds. Figures 
15 and 16 (Page 57) show Charpy key- 
hole-test values for annealed only, an- 
nealed and sensitized, and cold-worked 
and sensitized Types 302, 304, and 304L 
stainless steels. In conjunction with Ta- 
bles 10, 1 1, and 12, the data in Figure 15 
shows that these steels retain good notch 
toughness at temperatures as low as that 
of liquid helium, with the exception of 
sensitized Type 302. 

Figure 16 shows that even after sub- 
stantial cold work after annealing, Types 
302 and 304 retain good impact proper- 
ties. Even after severe sensitization plus 
cold work. Type 304 has impact strength 
above the 15 ft. -lb. minimum require- 
ment of the ASME Boiler and Pressure 


Vessel Code. Cold-worked and sensi- 
tized Type 302, however, shows low 
impact properties at the — 300“F test 
temperature, as would be expected from 
the data in Figure 15. 

The Astronautics Division of General 
Dynamics Corporation recently investi- 
gated notched-to-unnotched tensile 
strength as an indication of toughness 
or resistance to brittleness (see Table 
13). This firm’s criterion of acceptable 
performance is that the toughness ratio 
of notched-to-unnotched must exceed 
0.90. Types 301, 302, 304L and 310 
stainless steels showed excellent perform- 
ance in this respect, and stainless steels 
were selected for Atlas and Centaur 
propellant tanks. 


Table 13. Tensile and Notched Tensile Properties of Cold Rolled Stain- 
less Steel Sheets 


Stainless 

Test 

Temperature, 

°F 

Yield 

Strength* 

psi 

Tensile 

Strength, 

psi 

Elongation, 

% 

Ratio, Notched 
(Kt°6.3)to 
Unnotened 
Tensile Strength 

Type 301 stainless 

78 

200,000 

224,000 

11 

1.07 

CRt 

-100 

237,000 

253,000 

15 

0.98 


-320 

254,000 

323,000 

20 

0.92 


-423 

308,000 

335,000 

3.5 

0.90 

Type 301N stainless 

78 

200,000 

223,000 

12 

1.08 

80% CR 

-320 

244,000 

340,000 

18 

0.84 


-423 

297,000 

334,000 

12 

0.79 

Type 302 stainless 

78 

178,000 

205,000 

3.0 

1.08 

60% CR 

-320 

228,000 

307,000 

29 

0.92 


-423 

249,000 

294,000 

20 

0.95 

Type 304L stainless 

78 

158,000 

176,000 

6.0 

1.09 

50% CR 

-100 

186,000 

198,000 

5.0 

1.09 


-320 

187,000 

251,000 

33 

1.04 


-423 

231,000 

279,000 

1.0 

1.09 

Type 310 stainless 

78 

157,000 

181,000 

2.0 

1.07 

75% CR 

-100 

190,000 

204,000 

3.0 

1.08 


-32fi 

223,000 

251,000 

10 

1.11 


-47.3 

261,000 

290,000 

1 

5.0 

1.12 


*0.2% oRseL tCR-cold rolled. 
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2. Yield and Tensile Strength 

Materials used in low- temperature 
applications must have good yield and 
tensile strengths at low temperatures. 
Normally, conventional design proper- 
ties such as tensile, yield, and fatigue 
strengths increase at low temperatures— 
in contrast to the reduction encountered 
in ductility and impact strength. The 
modulus of elasticity of metals also gen- 


erally increases at low temperatures. 
However, the designer of code regulated, 
low-temperature equipment generally 
must base his calculations on tensile 
properties at ambient (room) tempera- 
ture. Table 14 and Figures 17-24 (Pages 
60-67) show the pertinent data for these 
low-temperature steels. 

{Continued on Page 68) 


Table 14. Summaii? 
genic Steels 


Specifications for Low-Temperature and Cryo- 




70.000 
to 90,000 

80.000 
to 100,000 

ssjxn 

to 65,000 
60,000 
to 72,000 


65.000 
to 77,000 
70,^000 

to 85,000 

55.000 
to 60.000 

60.000 
to 72,000 


55.000 
to 65,000 

60.000 
to 72,000 

65JD00 

to7>.000 

70,000 
to 85,000 


ASME** EtoniMlon 
Allowablt In Inchoi, 
Strait (K 56 Min. 
Ttnillt 
Strangth) 


50.000 17,500 

60,000> 20,000 23 

30.000 13,150 28 I 24 


Lownt 

Uiuil 

Sirvici 

TtmpirituraS 

<"F) 


USS "T-1" Steel 
(ASTM A 517, Grade F) 


ASTM A 203 (2>/4% Nickel) 
Grade A 
Grade B 

ASTM A 203 (3)4 ?5 Nickel) 
Grade D 
Grade E 


ASME Code Case 
1308 (95S Nickel) 
ASTM A 353 (9^ Nickel) 
Grade A 
Grade B 



100.000 
to 120,000 


75.000 30,000a 18,750 

70.000 25,0004 17,500 



Welded pressure vessels and storage 
tanks, wtien weight and strangth are 
not critical. Relrigaratlon; transport 
equipment. 



Highly stressed pressure vessels.Tank 
trucks for handling LP gases. 


Tanks, vessels and piping for liquid 
propane. 

Land-based storage of liquid propane 
carbon dioxide, acetylene, ethane, and 
ethylene. 


Large tonnage oxygen-producing 
equipment. Transportation and stor- 
age of methane, oxygen, nitrogen and 
argon. 


In petrochemical, nuclear, missile 
and other areas where purity of prod ■ 
uct is essential. Hauling liquid hydro- 
gen rochet fuel. 


*To ASTM A 300 specification. 

**For service applications above -f 100°F refer to ASME Section VIII, Table UHA-23. 
tFor service applications above -f 150°F refer to ASME Code Case 1204. 

{For service applications above -f-150°F refer to ASME Code Case 1308. 

{Service temperatures may be lower If requirements of ASME Sectiop VIII, Par. U.G. 84 are rrat. 

(a) Yield strength (see Table 4, Pages 10 and 11). 

(b) With modifications. 
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Figure 17. The Effect of Low Temperature on the Strength and Elon- 
gation of Double Normalized and Tempered 9% Nickel Steel 
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Figure 22. Strength of AISI Type 310 Stainless Steel 
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Figure 23. StrengtK of AISI Type 321 Stainless Steel 
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Figure 24. Strength of AiSI Type 347 Stainless Steel 
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{Continued from Page 59) 

In non-code work and in certain mili- 
tary and space applications, however, 
the higher yield and tensile strengths of 
these steels at low temperatures can be 
used to good advantage to reduce weight 
and cost. Data for guidance purposes 
are given in Figures 1 7-24. 

In the past, testing of various proper- 
ties at cryogenic temperatures has been 
accomplished with difliculty and some 
inaccuracy, particularly at temperatures 
below the boiling point of liquid nitro- 
gen (— 320°F). The Watertown Arsenal 
Laljoratories recently determined the 
tensile strengths of the 300 series stain- 
less steels to liquid helium temperatures 
(Figure 25). True stress-strain measure- 
ments were made with recently im- 
proved and more reliable temperature 
controls during immersion in liquid he- 
lium (at — 452°F). The tensile strengths 
of the 300 series stainless steels generally 
increase with decreasing temperature. 
This increase is approximately linear to 
— 350°F, but at — 452'*F the strengths 
of several types were slightly lower than 
would be expected by straight extrapo- 
lation from a higher temperature. While 
ductility decreases with decrease in tem- 
perature, the elongation for all the stain- 
less steels is quite adequate for reliable 
service at temperatures at or near abso- 
lute zero (Table 15, Page 70). 

3. Fatigue 

It is generally recognized that if a 
structural member is subjected to fluc- 
tuating or cyclic stre.sses, the member 
may fail even though the maximum 
stre.ss in the cycle is less than the yield 
point of the material. This phenomenon 
is known as fatigue and must be con- 
sidered when designing structures that 
are subject to dynamic loads. Examples 
of applications involving fatigue load- 
ings that are of interest to the cryogenic 
industry include pumps, ve.ssels that fre- 


quently undergo pressure changes, tank 
trucks, and equipment on board aircraft. 

a. Determination of 
Fatigue Strength 

To determine the fatigue strength of 
a material, specimens of the metal are 
subjected to alternating stresses that 
vary between fixed limits of maximum 
and minimum stress until failure occurs. 
This procedure is repeated for other 
specimens at the same ratio of minimum 
to maximum stress, but at lower stress 
values. The results of the tests are plotted 
(like those shown in Figure 26, Page 71) 
to form an S-N diagram, where S rep- 
resents the maximum stress in the cycle 
and N represents the number of cycles 
required to produce failure. The stress 
required to produce failure at any given 
number of cycles is known as the fatigue 
strength for that number of cycles. 

As shown in Figure 26, the fatigue 
strength decreases as the number of cy- 
cles increases, until a stress is reached 
below which further increases in the 
number of cycles do not decrease the 
fatigue strength. This stress is known as 
the fatigue limit. If the stress is kept 
below the fatigue limit, the specimen 
can undergo an infinite number of cycles 
dthout failing. 

b. Factors Affecting 
Fatigue Strength 

The fatigue strength of any given type 
of steel depends not only on the number 
of cycles to which it is .subjected, but 
also depends upon the stress ratio, sur- 
face conditions, the stre.ss gradient, the 
presence of stre.ss concentrations, the 
temperature, and other factors. The 
effects of each of these factors will be 
discussed briefly below. 

The stress ratio, /?, is defined as the 
minimum stre.ss divided by the maxi- 
mum stre.ss. Thus, ff = 0 repre.sents a 
stress varying from zero to maximum 
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Table 15. Tensile Properties 


Testing 

Temp 

(T) 

Ultimate 
Tensile 
Strength 
• (psi) 

Elon- 

gation 

(%) 

Reduction 
of Area 

(%) 

True 
Stress at 
Max. Load 
(psi) 

True 
Strain 
at Max. 
Load 

AISI 302 Stainless Steel 

R.T. 

94,400 

75.0 

80.7 

149,600 

0.460 

-105 

152,400 

52.5 

73.7 

218,700 

0.362 

-240 

191,300 

48.0 

71.7 

262,900 

0.318 

-320 

219,300 

46.0 

69.5 

292,150 

0.286 

-452 

249,500 

41.0 

54.8 

548,500 

0.787 

AISI 303 Stainless Steel 

R.T. 

100,200 

59.0 

67.4 

157,800 

0.452 

-105 

161,500 

43.0 

56.8 

219,900 

0.299 

-240 

206,300 

37.0 

53.6 

266,000 

0.254 

-320 

234,100 

35.0 

51.5 

293,500 

0.227 

-452 

266,500 

29.6 

37.0 

423,600 

0.462 

AISI 304 Stainless Steel 

R.T. 

95,000 

65.0 

83.4 

154,100 

0.482 

-105 

151,100 

55.0 

77.0 

211,800 

0.336 

-240 

193,800 

46.0 

73.9 

264,200 

0.308 

-320 

221,400 

46.5 

71.8 

301,800 

0.308 

-452 

242,500 

39.0 

49.8 

363,400 

0.402 

AISI 316 Stainless Steel 

R.T. 

93,900 

47.0 

77.5 

133,900 

0.355 

-105 

131,500 

59.0 

78.0 

198,800 

0.442 

-240 

161,100 

60.0 

77.7 

256,000 

0.462 

-320 

184,300 

59.0 

76.2 

270,500 

0.384 

-452 

216,400 

52.0 

59.7 

360,200 

0.508 

AISI 347 Stainless Steel 

RT. 

99,300 

50.0 

73.0 

143,200 

0.365 

-105 

136,600 

53.0 

72.2 

194,700 

0.355 

-240 

172,100 

48.0 

67.4 

238,600 

0.327 

-320 

201,400 

46.0 

65.5 

274,500 

0.308 

-452 

236,400 

38.0 

54.7 

438,000 

0.593 


in ti'nsion, while //=— 1 represenls 
stress vtiryinij; hetween inasiinuin and 
ininiimiin stresses that tire equal in inai;- 
nitiide Ittit oppttsite in siijn. Generally, 
falimie sirenuth decreases with decreas- 
ini; vtdue of H. This effect is shown in 
Ki>>ure 'll for "T-r' .Steel tested with 
idternatint' axial loads iit stress ratios 
of 0, — 1 «ind — 1 . 

Many lahoratory tests are conducted 
on polished specimens while others are 
conducted on material with surfiices as 


received from the rolling mill. 'Fhe “as 
received” specimens, hecatise of their 
rougher surfaces, generjdly ha' e a lower 
fatigue strength than polished speci- 
mens. Therefore, if fatigue strengths ob- 
tained from polished specimens are used 
as a basis for design, proper allowitnces 
must be made for she effects of surftice 
roughncfis. 

Figure 27 (Page 72) also shows the 
effect of the stress gradient; that is, the 
manner of stress distribution over the 
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Figure 26. Results of Rotating-Beam Fatigue Tests on USS “T-1” Steel, 
R=-l 


cross section. The specimens suhjccleci 
to altcrnatim? axial loads, of cour.se, 
have stresses that are uniform, whereas 
the specimens tested as rotating heams 
have stresses that vary linearly across 
their thicknesses. As indicated in Fii'ure 
27, under the latter stre.ss ifraclient the 
specimen has a itreater fatii'ue strent»lh 
at any i;iven numher of cycles than the 
axially loaded specimen tested at the 
same stress ratio {//= — 1). The i;reat- 
est difrerence in faiii?ue strent(th occurs 
at the lowest numher of cycles. 

•Stre.ss concentrations, such as are pro- 
duced hy notches, welds, fahrication de- 
tails, or other abrupt chanties in shape, 
lower the falii;ue streni'th t)f a t;iven 
materi.'il iind, therefore, shotild he 
avoided wherever |)o.ssihle. Itt a fabri- 
cated structure, notches th.it could he 
avoided often itcetir, stich its pttnelt 
marks, hammer marks, :ind weld de- 


fects. Other notches may he unavoid- 
able, such as the notch caused hy a hutt- 
weldet! joint with the weld reinforce- 
ment in place. Furthermore, fahrication 
details, such as lui;s welded to a member 
or riveted connections, cause stress con- 
centrations. Where such stre.ss concen- 
trations occur, their eireci in lowerinc; 
fatigue streni'th must he recou[nized in 
desiuin. 

Fatimie streni'th t'enerally increases 
as the tem|)eranire decreases. There- 
fore, a inemher stressed at cryoifcnic 
temperatures would he expected to have 
a greater fatiniie sireni'ih than that in- 
dicated hy room temperature falii;ue 
tests. For ex.'imple, the fatii'ue limit of 

I nicki‘1 steel was found to increase 
hy about Mi when tested at •-IV2()'’F 
instead of at room temperature. (This 
tl.'ita is for polished specimens tested hy 
Ilexure, //- — I . .See Table It), Fai'e72.) 
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.Figure 27. Composite Results of Fatigue Tests on USS “T-l” Steel 


c. Design Data 

Table 16 gives a compilation of fa- 
tigue information for the cryogenic 
steels. The values are room temperature 
values, c.xeept where otherwise indi- 


cated, and contain no safety factors. 
Additional fatigue information is being 
determined and will be published when 
obtained. 


Table 1.6. Fatigue Information for Steels for Low-Temperature and Cryo- 
genic Service 


Steel 

Strett 

Ratio 

Surface 

Condition 

Fatifua 
Limit (psi) 

Type of Test 

Material 


-1 

-Vi 

0 

Polished 

Polished 

Polished 

58.000 

77.000 

95.000 

Axial load 
Axial load 
Axial load 

0.357-inch 
diameter bars 
from 1-inch plates 

USS "T-1" Steel 

-1 

Polished 

60,000 

Rotating beam 

0.180-inch diameter 
bars from 1-inch plates 


-1 

0 

As received 
As received 
As received 

44.000 

68.000 
101,000 

Axial load 
Axial load 
Axial load 

'/ 4 -inch plates 

2'A%rnckt\ 

-1 

Polished 

45,000 

Rotating beam 


y/i% Nickel 

-1 

Polished 

49,000 

Rotating beam 


9% Nickel 

-1 

-1 

zl 

Polished 

Polished 

Polished 

75,000 

85,000* 

102,0001 

Flexure 

Flexure 

Flexure 

H-inch 
diameter bars 


*Tcslmi Tcmp(ialui«> — lOO'F. 
tTeillni Tempt>ilu(e--320‘'F. 
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C. Thermal Properties of Low 
Temperature and Cryogenic 
Steels 

1. Thermal Expansion 
and Contraction 

Thermal expansion can often be an 
important factor in material selection. 
The large dimensional changes between 
ambient and operating temperatures in 
the cryogenic field can lead to a number 
of problems in both stationary equip- 
ment and in machinery unless proper 
design consideration is given to thermal 
expansion and contraction. 

This factor is important in sandwich 


construction of cryogenic vessels and in 
double wall vessels that use different 
materials. In some cases, thermal ex- 
pansion might influence the decision to 
make the inner and outer tanks of a 
cryogenic vessel of the same material. 
Stainless steel and Invar* are preferred 
materials for cryogenic transfer lines. 
Thermal expansion is also an important 
factor in the selection of welding elec- 
trodes and can be a limiting factor in 
the choice of such an electrode. 

In most nonferrous alloys, the coeffi- 
cients of thermal expansion are consid- 

‘Trademark of International Nickel Company 
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Ttmptraturt °F 

Figure 28. Coefficient of Linear Expansion of Several Materials 



Table 17. Selected Thermal Properties of Some Steels 

(See also Tables 5A and 5B, Page 12) 


3>/2% Nickel Steel 


Thermal Expansion Coefficient 


0 to +200°F 

6.15 X 10-' in./in./°F 

Thermal Conductivity 


-150°F (mean) 

214 Btu/in./hr./ftV°F 

+68°F (mean) 

253 Btu/in./hr./ftV°F 

+200°F (mean) 

270 Btu/in./hr./ftV°F 

Specific Heat 


-150 to +80°F 

0.798 Btu/lb./°F 

+80 to +1000'’F 

0.147 Btu/lb./=F 

9 % Nickel Steel 


Thermal Expansion Coefficient 


At room temperature 

5.8 X 10^6 jn./in./°F 

-300 to 0°F (avg.) 

5.3 X 10'® in./in./°F 

-300 to +200°F (avg.) 

5.6 X 10-' in./in./°F 

at -300°F 

4.0 X 10-' in./in./’F 

Thermal Conductivity 


-320°F 

91.3 Btu/in./hr./ftV°F 

-150“F 

169.0 Btu/in./hr./ftV'F 

+68 ’F 

189.0 Btu/in./hr./ftV°F 

+200 'F 

209.0 Btu^in./hr./ftV+ 

Specific Heat 


-320 to+80 F 

0.0878 Btu/lb., + (avg.) 

480 to 4 700+ 

0.119 Btu/lb.^'F (avg.) 

304 Stainless Steel 


Thermal Expansion Coefficient 


• 32 to f212 F 

9.6 X 10 ' in.'iri. '-F 

300 to ' 70 F (mean) 

7.3x10 'm. in. F 

•70 to • 1000 F (mean) 

10.0 X 10 ' in. in. F 

at - 300 F 

5.9x10 ' in. in. F 

Thermal Conductivity 


320 F 

56.4 Blurin. hr. ft' T 

155 F 

90,0 Btu in. hr. ft' F 

♦ 70 F 

113.0 Btu in. hr. It' F 

I 600 F 

120,0 Btu in. hr. It' F 

Specific Heat 

( 

320 F 

0.037 Btu lb. F (avg.) 

150 F 

0.088 Btu lb. F(avg.) 

• 80 f 

0.120 Btu lb. F (avg.) 
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erably higher than those for steels as 
shown in Figure 28 (Page 73). Large 
dimensional changes can result in dan- 
gerous stresses as a result of high coeffi- 
cients of expansion, and allowance 
should be made for them in designs. 
The significance of this fact might be 
noted in a typical cryogenic container 
of perhaps 36 feet in length. In such a 
container, at liquid hydrogen tempera- 
tures, stainless steel will contract 1 
inches when cooled from ambient. Alu- 
minum structures will contract almost 
2 inches. For cryogenic service, the co- 
efficients of expansion might be more 
aptly reported as coefficients of contrac- 
tion since it is primarily the cool-down 


that gives the designer major problems. 

Type 304 stainless steel has expansion 
values somewhat higher than the fer- 
ritic/martensitic steels but lower than 
the aluminum alloys. Since the expan- 
sion rate for 9% nickel steel and for 
stainless steel is less than that for alumi- 
num, it is more desirable to use steel in 
those applications where compaction of 
insulation in a limited space b important. 

Thermal properties of some steels are 
shown in Table 17 (see also Table 5). 
Figure 29 compares the thermal con- 
traction of stainless steel and aluminum. 
Figures 30 to 33 (Pages 76-78) give the 
thermal expansion properties of various 
alloy and stainless steels. 



A. For entire member cooled B. For member with one end held 

down uniformly. constant at 68°F 

Figure 29. Thermal Contraction from 68 F for Stainless Steel and 
Aluminum 
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Expansion, Expansion, 


0.0005 


-0.0005 


- 0.0010 


-0.0015 


- 0.0020 


DOUBLE NORMALIZED AND 
STRESS RELIEVED 


-0.0025 I I 1 I I I 1 ^ I I 1 

-460-400 -300 -200 -100 0 100 200 300 400 500 

Temperature °F 

-igure 30. Thermal Expansion of 9% Nickel Steel 




-460 -400 -300 -200 -100 0 100 200 300 400 500 
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Figure 31. Thermal Expansion of AISI Type 301 Stainless Steel 





Expansion, 



2. Thermal Conductivity 

Thermal conductivity is of consider- 
able iinporlancc in the selection of ma- 
terials for low-temperature applications. 
For .support, pipins?, sensintj linc.s, etc., 
dcsiffn engineers prefer a material with 
low thermal conductivity. high con- 
ductivity reduces thermal c;radients dur- 
int? the initial cool-down but results in 
much higher heat gains through the 
piping when the equipment is in .service. 
The levels of thermal conductivity of 
the family of steels are .sati.sfactory for 
the vast majority of cryogenic equip- 
ment (Tables 5 and 17). 

Thermal conductivity is a factor in 
selecting the materials for supports in 
small, shop-erected vcsrels and for 
plumbing and support equipment. Be- 
cause of their low thermal conductivity, 
ferrous materials provide a itonus to the 
operation of cryogenic equipment. In 
comparison Avith most nonferrous mate- 
rials, steel containers require less insu- 
lation to maintain a given heat-leak 
rate. Thus, insulation costs can be re- 
duced without increasing product loss. 
Convenscly, Ity raising insulation equiv- 
alent to that used in aluminum vessels, 
product loss can be decreased. 


D. Corrosion Resistance 

Although the selection of materials 
of construction for low temperature 
service is necessarily based primarily on 
mechanical properties, the corrosion re- 
sistance of the materials must also be 
considered. Ciorrosion resistance is im- 
portant for assuring adequate service 
life and also for minimizing product 
contamination. 

The austenitic stainless steels, of 
course, afford excellent corrosion resist- 
ance in many chemical media, incltid- 
ing both strong o.xidizing acids and al- 


kalis, and are practically immune to 
atmospheric corrosion in most locations. 
Howev’cr, moist chloride environments 
can cause Itrcakdown of the passive film 
on stainless steels, resulting in .some 
staining and po.ssil)le pitting, The alloy 
steels used for low tempera ttirc service, 
such as the 2!4, 3)^, and nickel 
steels, although completely resistant to 
nearly all cryogenic liquid.s, are inher- 
ently Ie.ss corrosion resistant than the 
stainle.ss steels, and some corro.sion is to 
be expected with these materials in the 
atmo.sphere or in chemical solutions. 
The addition of up to 12'^ j nickel to 
steel, in the altsence of chromium, has 
little effect on corro.sion resistance in 
chemical media, although the nickel 
docs improve the atmospheric resistance 
somewhat. 

Fortunately, because of the low reac- 
tivity of most chemicals at low tempera- 
tures, corrosion problems resulting from 
materials in contact with cryogenic 
liquids have been relatively few. The 
nickel steels gi\-e adequate service, from 
a corrosion standpoint, in nearly all 
low temperature applications. An ex- 
ception is liquid fluorine, for which 
austenitic stainless steels are more suit- 
able. Because of their e.xcellent resist- 
ance to atmospheric corrosion when the 
equipment is not in u.se, au.stenitic stain- 
less steels arc also used for systems in 
which contamination of the cryogenic 
liquid by .solid particles is critical. 

In addition to corrosion of equipment 
by the pure cryogenic liquids, other fac- 
tors must l)e considered. For example, 
moisture in fluorine can drastically in- 
crease corrosion. Also, hydrocarlton 
contaminants on the interior surface of 
the cqui|)inent can reart with liquid 
oxygen or fluorine, causing localized hot 
spots where the liquids may react rap- 
idly with the metal. 



I 




I 


i. 

k 

I 

ii 


\ 


H 


genic vessels. However, this factor can 
be important in space and environmen- 
tal chambers operating at temperatures 
below — 420°F and at high vacuums. 

Surface reflectivity and emissivity are 
functions of surface treatment, finish 
and cleanliness. Normally, the stainless 
steels provide the best properties relative 
to cryogenic applications. 9% nickel 
steel normally develops an oxide coat- 
ing, 9% nickel can be polished to meet 
normal surface reflectivity specifications 
with the major problem being preven- 
tion of the oxide formation when an air 
atmosphere is permitted in the space 
chamber. 


Table 18. Outgassing Rate for Metallic Materials 


Am area of sample (cm^ 

Sa=> pumping speed for air at 25°C (L/sec) 

Kh°>air equivalent outgassing rate after h hr of pumping (torr>L-sec~i-cm~0 
ah»absolute value of slope of log-log graph of outgassing rate vs. time after h hr of pumping 

Material 

Am 

s. 

lO’K, 

<1 

lO’K. 

a. 

lO’K,. 

®1# 

1. Stainless steel EM S8B (polished, 









vapor degreased) 


1 



0.049 

1.6 

0.014 


2. Stainless'steel..’ 

65 

3.5 

1.75 

1.1 

0.44 

0.84 

0.21 

0.75 

3. Stainless steel 


0.7 

0.9 

0.75 

0.3 

0.75 

0.2 

0.75 

4. Mild steel 

65 

3.5 

5.4 

1 

1.4 

1 

0.5 

1 

5. Mild steel (slightly rusty) 


1 

6 

3.1 

0.28 

1.5 

0.13 

1 

6. Steel, rusty 

65 

3.5 

44 

1.4 

5.5 

1.4 

1.6 

1.3 

7. Iron 

12 


4 

1 

1 

1 



8. Nickel plated mild steel (polished, vapor degreased). . 


1 

5 

2 

0.036 

1.4 

o.'oi 


9. Nickel plated steel 

65 

3.5 

2.8 

2 



, , 

, . 

10. Chrome plated mild steel (polished, vapor 









degreased) 


1 

0.1 

1 

0.023 

0.93 

0.009 

. , 

11. Aluminum, anodized 

65 

3.5 



3.6 

0.8 

1.1 

2.3 

12. Aluminum, bright rolled (cleaned in Stergene) 

65 

3.5 



0.22 

1 

0.075 

1 

13. Aluminum 

12 


15 

1 

3.7 




14. Duralumin ...i 


0.7 

1.7 

0.75 

0.6 

0.75 

0.35 

0.75 

15. Aluminum spray coated mild steel 

65 

0.4 

0.6 

0.75 

0.2 

0.75 

0.1 

0.75 

16. Aluminum spray coated mild steel (rusted) 

65 

0.4 

1.8 

0.65 

0.8 

0.75 

0.4 

0.75 

17. Copper (24 hr at 95 per cent humidity) 

100 

0.32 

0.2 

2 



, 


18. Copper 

12 


23 

1 





19. Brau (24 hr at 95 per cent humidity) 

43 

0.32 

0.15 

2.5 



. 


20. Brass, cast 

650 

3.5 

10 

1 

2.5 

1 

1.1 

0.75 

21. Brass, wave-guide section 

50 

0.3 

4 

2 

0.3 

1.4 

0.1 

1.2 

22. Nickel 

12 


6 

1 

1.5 

1 



23. Nickel 

12 


10 

1 

2.5 

1 



24. Molybdenum 

12 


7 

1 

1.7 

1 



25. Tantalum 

12 


9 

1 





26. Zirconium... 

12 


13 

1 





27. Tungsten 

12 


2 

1 





28. Silver 

12 


6 

1 






E. Surface Reflectivity and 
Emissivity 

Emissivity is a factor with vacuum- 
insulated double-wall cryogenic vessels, 
as opposed to vessels with insulation 
between the inner and outer vessel walls. 
Emissivity is more of a factor in selecting 
materials for cryogenic equipment for 
space probes than for ICBM’s or ground 
support equipment. It is usually not an 
important factor in the selection of 
materials for vessels, because of recent 
improvements in the insulation mate- 
rials used between the two walls of cryo- 
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Steal 

Total 

Emlailvlty(?S) 

Type 310 stainless (dull finish) 

28.4 

Type 310 stainless (above sample 
ground with 1-0 emery) 

25.4 

Type 302 stainless (iM finish) 

15.3 


Recent tests at the U. S. Steel Re- 
search Laboratory on Type 310 and 
Type 302 stainless steels indicate the 
total emissivity as given in the preced- 
ing table. 

Concurrent with the importance of 
reflectivity and emissivity in space 
chamber applications, outgassing rates 
and diffusion properties of the various 
materials may also be important. Prac- 
tical models of high vacuum systems are 
now designed to 10”® torr (or less), and 
some vessels have temperature differen- 
tials of more than 1000°F between the 
inner and outer walls. 


Where outgassing is important, Type 
301 or Type 304 stainless steels are 
sometimes preferred. These materials, 
properly fabricated, will provide de- 
pendable service for high vacuum in- 
stallations. Most outgassing problems 
can be traced to problems of fabrication 
and testing rather than to the metal 
itself. 

In a report prepared by B. B. Dayton 
of Consolidated Vacuum Corporation, 
Rochester, New York, entitled “Rela- 
tion Between Size of Vacuum Chamber, 
Outgassing Rate and Required Pump- 
ing Speeds,” some relative information 
on the outgassing rates of various metals 
has been derived. These data are shown 
in Table 18, giving both the pumping 
speed, the outgassing rate constant and 
the absolute value of slope of the out- 
gassing curve. These constants have 
been derived for lO”^ torr, which is a 
relatively moderate vacuum. 
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Ignition Characteristics of Metals 

and Alloys 


L. E. DEAN> and 
W. R. THOMPSON* 

Aerojet'General Corp. 
Sacramento, Calif. 


The ignition characteristics of engine structural metais and alloys as influenced by the com- 
position and pressure of the ambient atmosphere are of immediate interest to propulsion design 
engineers. Tubular test sections of the stainless steel, cobalt and nickel alloys, besides aluminum, 
copper and titanium were resistance heated in controlled atmospheres of oxygen, carbon dioxide 
and an equal mixture of these gases. Tube and gas temperatures obtained were correlated with 
color motion picture coverage of the manner in which the tube heated and failed. Stainless steels 
and cobalt alloys ignited within the melting point range of each material. Nickel alloys did not 
ignite until the melting point was reached. The rate of iximbustion increased with oxygen content. 
Stainless steels with a high nickel content appear most suited for applications at high temperatures 
in an oxidizing atmosphere. 


T he advent of nuclear energy and rocket propulsion 
has focused attention on the need for a more complete 
understanding of the mechanisms involved in the high tem- 
perature oxidation and ignition of metals in comparatively 
short time periods. The factors of metal composition and 
fabrication history, metal temperature and the composition, 
pressure and superficial velocity of the ambient atmosphere 
must be considered in any systematic evaluation of such 
ignition processes. In selecting materials to resist rapid 
oxidation, however, due emphasis must be given to other 
necessary metal prerequisites, including high thermal con- 
ductivity and tensile strength, low density, high melting 
point, ease of fabrication, and availability at reasonable cost, 

Oxidation Mechanisms 

Most metals and alloys, when exposed to an oxidizing at- 
mosphere, undergo a chemical reaction ivith the oxidizing 
component of the gas phase, forming an oxide film or scale on 


Presented at the ARS 16tb Annual Meeting, Washington, 
D. Dec. 1960. 

•Head, Physical Research Section, Research and Material 
Dept., Liquid Rocket Plant. Member ARS. 

‘Senior Engineer, Advanced Research Div., Azusa, Calif. 
Member ARS. 
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the surface of the metal. The physical and chemical reactions 
controlling oxidation (e.g., the rate at which the oxide forms 
and the nature of its bond to the metal surface) are complex 
functions of a number of variables. These include not only 
the chemical composition and physical state of the metal 
surface, and the geometry of the metal object, but also en- 
vironmental factors (i.c., the chemical composition and 
fluid-dynamical characteristics of the gaseous environment 
and the pressure and temperature of the entire system). 

Those metals that form a nonporous oxide film which ad- 
heres tightly to the base metal are immune to further oxida- 
tion. Ignition of the metal will not normally occur unless 
this protective film is broken. Nickel and aluminum have 
this desirable characteristic. However, if the oxide film 
is porous, or does not adhere to the base metal, oxidation will 
occur. This results in destruction of the metal through com- 
plete conversion to the o.xide form. Ignition occurs more 
readily for metals forming such films. Mild steel, molyb- 
denum and titanium have these characteristics. For most 
common metals, under ambient atmospheric conditions, such 
oxidation rates are comparatively slow. 

Oxidation is an exothermic reaction. For slow rates of 
oxidation (e.g., the rusting of steel) the heat of reaction at the 
surface of the metal is dissipated principally by conduction to 
the bulk of the metal and by convection to the atmosphere. 
The metal temperature thus remains essentially at the am- 
bient level. If, however the rate of oxidation is so rapid that 
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Fig. 1 Schematic of test apparatus 


the generated heat cannot be removed from the surface at 
the same rate, the sensible heat of the surface increases with 
an accompanying temperature rise. This process continues 
until ignition of the metal occurs. 

The problem of whether ignition, or kindling, of metals 
occurs below, at or above the melting point of the metal or 
alloy depends to an appreciable extent on the characteristics 
of the oxide film and on the overall rate of oxidation. For 
example, Fassell and co-workers (1) have shown that for 
magnesium alloys, the ignition temperature decreases ns the 
oxidation rate is increased . The ignition temperatures of pure 
metals have been studied by Grosse and Conway (2) and by 
Mellor (3). Considerable data have been obtained by Reyn- 
olds (4) concerning the Ignition of metals and various alloys 
in air and in oxygen and helium atmospheres under both stag- 
nant and flowing conditions. In this investigation metal 
temperatures up to the point of ignition were measured by 
optical pyrometry. It was found that metals such as carbon 
steel. Type 410 stainless steel, molybdenum, tantalum, ti- 
tanium and tungsten would ignite below their melting point. 
Metals such as Type 302 stainless steel and Inconel X ignited 
when the metal melted. No ignition occurred when nickel. 
Inconel and copper were tested in oxygen atmospheres. In 
general, the rate of burning was found to increase with 
pressure. 

Hill and co-workers (5) reported that titanium, iron, carbon 
steel and 4130 steel spontaneously ignited in the solid phase 
(below the melting point) when heated in an atmosphere of 
oxygen. These metals melted rapidly while burning. In- 
conel, copper, 18-8 stainless steel, monel and aluminum could 
not be made to ignite spontaneously at temperatures up to 
melting with the equipment available. These tests were con- 
ducted under both stetcc and flow conditions in air, oxygen 
and nitrogen atmospheres. Recent work at Aerojet-General 
(6) on the rates of self-sustaining burning of magnesium in 


oxygen (with oxygen pressure and superficial velocity as 
variables) indicated that the burning rate followed either in- 
creased oxygen velocity or increased pressure. The rate 
controlling step appeared to be the maximum rate of vapori- 
zation of the metal at a temperature slightly above its boiling 
point. The same work contains a critical review and reinter- 
pretation of the Eyring-Zwolinsky theory of metal ignition, 
based on the experimental data reported in (1). Microscopic 
integranular oxidation at the surface of the metal, producing 
localized hot spots at the metal surface, may result in metal 
vaporization and ignition. 

Description of the Test Apparatus and Testing 
Procedure 

The test technique consisted basically of resistance-heating 
to destruction tubular specimens of various metals and alloys 
while sufToimded by the test atmosphere at the required 
pressure. A schematic of the test apparatus is shown in Fig. 
1. Tubular sections of the metal to be tested were clamped 
in the electrodes in a horizontal position in the testing device, 
parallel to the viewing port at one end of the cylinder. The 
chamber was pressurized to 50, 300 or 800 psia with either 
commercial^rade oxygen, carbon dioxide or a 60-60 mixture 
(by volume) of the two gases. Controlled cross flow of the 
chamber gas around the test piece to the outside air prevented 
stagnation of the atmosphere within the apparatus. The 
metal was then resistance heated by applying alternating cur- 
rent in step-wise increments at a rate so that metal failure oc- 
curred within one to two minutes after the initial application 
of power. Tube and gas temperatures, as well as power in- 
puts, were continuously recorded. Color motion picture 
photography recorded the manner in which the tube heated 
and failed. 

Test sections were 4 in. lengths of commercial tubing homo- 
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gcnoKis to \isual iii>>p(Ttion. Tula- dutinetere U'sUal wore 
either ()..‘i00 or 0.375 in., whereus wall thickncaaea varied from 
0.010 to 0.035 in. It was neceaaarj’ to machine some samples 
to obtain wall thicknesses having the dc'sired elec'trical resis- 
tivity for cases where commercial tubing of the df sinal wall 
thickness was not available. Two no. 30 Ki^tige chromel- 
alunicl thermocouples were spotwelded or otherwise afTi.\ed 
to thi‘ inn(‘r tula* walls at the midpoint of the tube (platinum- 
platinum 10% rhodium thermca-ouples W'cre also used for a 
liiniUal nuinla-r of tests). Tliermocouplc lead wires were led 
through a 0.25-in. steel tube which was then filled with an 
c|K>.\y r«‘sin to sc4il the outlet. A bl(H>d orifice calculated to 
allow the desinal gas cross-flow velocity around the tt>st piece 
was installed downstream of the test chamix-r. The U'st 
atm(a<ph(‘n-, pn'pared in the mixing chamb<'r by pressurizing 
with the desired gases (using the pressure ratio as indicative 
of the volume fraction of each gas pn'sent), was then admitbsl 
to the test fi.xtun* at the desin-d pressure. 

Pow'cr, controlled thnaigh :i variabh' autotninsfomi<>r, was 
appIi(Hl to steel and alloy tuls-s in inen'ments of approximately 
0.25 v at .5-sec. intervals and incrcinenta of a|)pro\imat4‘ly 
0.02 V at 5-sec intervals for the nonferrous test st'ctions. 
Testa were continued until either tubi' failun* occuired or the 
maximum voltage output of the transformer was reached. 
Two hundred individuid tests wen* conducted in this manner. 


Ks|>f>riin«ntal Reaulta 

Two general series of U*sts were eonduct4<d. Since Ty|je 347 
stainless sitad luu< wide application in fabricating propulsion 
system hardw'an‘, the ignition cturacteristics of this alloy 
were most intensively studie>l More limited testing was 
IM'rfomxsl on samples of the otlwr metals and alloys. 

347 Stainler. Steel 

.K complete series of U-sts were conducUnl at 50, 300 and 800 
psia in atmospheres of oxygen, carbon dioxide and an equal- 
\'olume mixture of these gust's. Additional tests were made 
using nitrogen and helium atmospheres at the 300 psia pres- 
sure level. Tests were also conducted on the effects of super- 
ficial gas cross-flow vekx’ity, ratt' of heating, and special 
metal surface treatment. 

Effect of got composition at 300 psia pressure. Failure' of 
»h(' test s|X'cimcns occurrt'd within tlx' inc'Iting point range 
for all the gas ('om|x)sitions U'stt'd. The metal ignitetl in 
100% o.xygc'n and 50i% Or50% COj atmospheres with partial 
d«'struction of the t«'st si't'tions. Test n'sults are shown in 
Fig. 2. 

Effect of gas pressure. No ignition (X'currtHl in oxyg«'n at 
,50 psia. At 300 and 800 psia ignition took place within th«' 
mi'lting |)uint rangt' of the alloy, ri'sulting in di'struction of the 
test s|K'cimen. The' n»U' of burning and |)rofiortion of test 
st'c'tion dt'stroyi'd ini'n'ast>d with prt'ssun'. No ignition o<'- 
curretl in a ('arbon dioxid*' atmospht're. Post-test sjx't'inK'n 
appearani'e is shown in Fig. 3. 

Effect of other factors. AN'idi' variations in gas cross-flow 
velocity and in the' ratt' of lu'uting showt'd that ignition again 
t(Mik plact' within the melting }X)int range of the inc'tal. 
In U'sts wh«'re the tulx' was partially coatt'd with a n'fnu'tory 
('(‘ramie, the metal ignit(‘d under tiu' (‘oating and bunu'd us 
the coating flakc'd off the surfa<'(‘. 

Carbon Steel and Other Stainless Steel Alloys 

Effects of variations in ga.s ( ()in|H)sition and pix'ssun' ujkmi 
the ignition of mild sbx'l and Ty|X‘s 304, 310, 321, -110, 
.\.M3,50and 17-7 PH stainh'ss sU't'l, ('omprisc's thi' bulk of the 
steel alloys usc'd in ixx'ket pn>pulsion hardwan'. 

Effect of an oxygen atmosphtre. At a pressure of 50 j)sia, 
siH'cimen ignition (s'curn'd within thi' melting |H)int range of 
the mc'tal with ex('(‘ption of Tyix' 410 stainli'ss steel which ig- 
niti'd at a lowi'r tein|x‘ratun>. At 800 psia, Type 304 stain- 
less sti'cls ignit'd at t'mix'ratim's within the melting point 
rangt' of tht' alloy. Ignition of the otht'r metals tested (xr- 
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Fig. 3 Typical test results, 347 stainless steel 
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(•urn“<l at t«‘m|X'ratun‘» of 2."»0 to 5(10 F lx>low their respiM-tive 
mcltiiiK |K)int8. The rutt* of hiirning was found to increuM* 
with pn'HNure. At 50 psia the rarlioii steel sample was eoin- 
pleti'ly d<>stroycd, whereas alxnit fiO to 80% of the stainless 
shvl test sections were eonsumifl. At the higher pressure 
levels, essentmlly all the tuhing Is'twfx'ti the eleetnsles was 
d«*str<»ye<l. 

Kfftrl of ga» rompottilion at 300 psia pressure. C'omiuirison 
of photographic and instrument datit for tulies heatetl to d(‘- 
struetion in 100% Ot, in 100% (M);, and in an equal-volume 
mi.\turi‘ of them* gases showed tiuit, with the e.\eeption of 
Ty|>e 410 stainless ste<‘l, each h-st sample failtnl at a hmiis-ra- 
turt' within the melting isiint range of the alloy. In an oxygen 
atmosphere up to 70% of each t4*st s»‘eti«)n was destroyerl due 
to ignition and eomhaition of the metal. In the 50% <)r50^( 
C(>i mixture, when ignition did oreur with carbon strs*! an<l 
Stainless ty|s‘s .347, 410 and AM 350 alloys, only |>artial 
({(‘struetion of the U'st s|N‘eimen n‘sulU'<l. No ignition oc- 
eurnsi in the carbon dioxide atmosphen*; failure of the tills* 
was due to melting. Test n-sults are shown in Fig. 4. 
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Nirkel Hased Allo>s 

Ti>st sections of six nickel liaseil alloys wen- testinj to 
destrui'tion. 'l'hes<> were Nickel A. Monel. Inconel X, 
llastelloy C, HasU'lloy R and Hastelloy X. 

Kjlfect of an oxygen atmosphere. .\t the .50 psia jiressure 
level, b'st si'ctions of thi-si* allo^-s all failid at temiieraturi's 
within their melting point rangi>s. However, at 800 psia, Isith 
Inconel X and Monel failed at ti-mis'ratures 2.50 to .500 F ls‘- 
low their n>spective melting isiints. No ignition of the metal 
iM'eumxl with Nickel A at 50, 3(X) or 800 psia. Test wetions 
of Monel, Inconel X, Hastidloy K and Hastelloy X ignitisl at a 
gas pn'ssure of 800 [isiu. The ignition of Im*onel X and Monel 
at the high gas pressure, and of Hasti'lloy R and Ha.st«‘lloy X 
at all pri-ssure levels resulbsl in partial di-struction of the t<*st 
section. 

Effect of gas composition at 300 psia pressure. ,\ll t«*st 
specimens failid at temperatures within their resiK-ctiw 
melting |X)int nmges. Ignition of Hastelloy R in an oxygen 
itmosphere resultisl in OOCj destruction of the t4*st si'ction. 

.\RS .loURNAL 


i 


















Although ignition iMTum><l in oxygen for Ntnipkn of ln<'om‘l 
X, HMtrllny C and Haatellny X, only th<‘ portion of the tube 
inunediat4‘ly adjarent to the apwrance area waa ronmimed. 
With the exception ol Haatelloy R, m> ignition o<x-urred in the 
80% Or-50% tXJt atmoaphen'. The appearance of thetie aee- 
tions following the testa ia shown in Fig. 5. 

Cobalt Baaed Allo)a 

Two cobalt baaed alloya wen* studied in this program. 
These were Haynes 25 and Multimet. 

KffecI of an oxygen atmosphere. Ignition of teat aampl<*s of 
th«*8 two alloya occurn*d within their rea|aM*tive melting 
|K>int ranges. The rate of tube deatniction inm'aa»*d with gas 
presaun*; at the 50 paia preasun* level, 5 to 30% of each test 
section was consumed after ignition, whereas at higher pres- 
sures 50 to 70% of each sample was destroyed. 

Effect of gas composition at SOO psia pressure. Metal igni- 
tion oceurr^ for lioth alloys in 100% oxygi'ii with over 70% 
of each section de8troyi*d. Test specimens of Multimet igni- 
ted in the 50-50 mixture of oxygen and carbon dio.xide. The 
n>mains of the test samples are shown in Fig. 6. 

Miacellaneoua Metals 

Of the nonferrous metals of imiiortancf' to propulsion system 
design, aluminum, copjier and titanium were select'd for test- 
ing. 

Effect of an oxygen atmosphere. Failure of the aluminum 
test section was due to m(*lting of the metal with no subse- 
quent ignition. At an o.xygen pressure of 50 |)sia, no ignition 
occurnsl fur the cop|H*r sample; however, at 300 psia ignition 
occumsl and 60% of the test section was dt*stn>ye«l. Ignition 
of titanium oci*urre<l 250 to 1000 F bi*low the melting point 
of the metal. Test sections were <*ompletely di*stroyed. 
Kveii the i-opiier electrodi*s which held the t«*st section in plae<* 


ignited and burned during the test conducted at 300 psia. 
Titanium was by far thi* roost reactive of all the metals tested. 

Effect of gas composition at SOO psia pressure. Failure of the 
aluminum test sections in oxygen, carlion dioxide and their 
equal-volume mixture was diH* solely to melting and subse- 
quent sewrance of the* tulx*. For copper, ignition and (lartial 
distruction was noted for tests conducted in oxyg;en with no 
igmtion in other gas com|>oeitiuns. Titanium was observed 
to ignite in all the atmospheres tested. Even in the 100% 
C()| atmosplierc th»* test s|iecinM*n was completely destroyed 
at a tem|>erature 250 F below thi* melting point of the metal. 
TIh* n-mains of the samples aft«*r testing are shown in Fig. 7. 

IliBcusaion of Test Results 
Carbon Steel and Stainleiui Steel Alloys 

The ignition tem|M*rature of carbon steel in an oxygen at- 
mosphere as reported in (3 and 5) varies from 1700 to 2300 F. 
In this study, the ignition temiierature was found to var>’ 
between 2000 to 2700 F, depending upon the pix'ssure. It is 
probable that the oxide 61m on the tube’s surface, as noted in 
the motion picture coverage, influenced the ignition charac- 
teristics of the test piece. 

Stainless steels having an appreciable nickel content may 
In* raised to their melting |K>int before ignition will occur. 
Alloys such as Type 410 and Ty|)e 430, which have no nickel 
as an alloying element, ignite at temiieratures 250 to 300 F 
lielow their nominal melting points. 

For all the ferrous alloy's investigated, the rate of burning 
increased with increase's in gas pressure. Since c*ombustion 
depends upon a contuiuous mnewal of reactants in the com- 
bustion zone, it is obvious that incn*asing the total oxygen 
pressun* results in a pro|K)rtionat«*ly gn*ater concentration of 
oxygen molecules available to the flame front. After initial 
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ignition, the entire text Heetion watt de8troyi‘d at the higlier 
pressure levels, whereas the t<‘st s«*etion was only (wrtially 
destroyed for low pn*ssure tests. 

In atmospheres coniiMiiMMl of 50% oxygeii-50% earlwn 
dioxide, ignition oeeurn>d within the melting |x>iiit ranges of 
the iwrticular metals t^'sti'd (with the exception of Type 410 
stainless steel). The rate of burning and the relaU<d length 
of sample consumed during the U>st deen'astHl with decreasing 
oxyg«*n eoni'entration. Failure of the U^t s«*etions in a carbon 
dioxide atmosphere oeeurred owing to melting and severance 
of the tulx;. No ignition was noted. 

Nickel Based Alloys 

Test naults with Nickel A showed tulie failure* ocrurred by 
tube mc'lting and sevc-niiiec-. No ignition or combustion was 
ol)HC‘rved in any test. Reynolds (4) reimrts similar results 
with Inconel in an oxyge-n atmosphere. Ap|>arently a pro- 
tective nonporous adhen-nt oxide coating forms on the surface 
of the mc>tal, inhibiting further oxidation. 

Inconel X was found to ignite and burn at the 300 and KOO 
psi pre-ssure levels. Only at the higher pressure did combus- 
tion completely destroy the tube. Reynolds also reports 
ignition and burning w ith Inconel X in an oxygen atmosphere. 
The ignition of Inconel X may possibly be attributed to the 
presence of 2-\i% titanium in this alloy. 

Of the thrcH! Hastelloy alloys evaluated, Ilastc‘lloy C ap- 
|)cars most resistant to oxidation at high tem|>erature8 and 
pressures. Ignition and partial destruction of test sections 
of Hastelloy R and Hastelloy X occurred at both 300 and 8(X) 
|wi gas prt*8sure. 

No ignition and subsequent combustion of nickel based 
alloys was noted in either carbon dioxide or 50% oxygen-50% 
carixm dioxide atmcjsphen's with one exception. Partial 
destruction of a test sen-tion of Hastelloy R was observed for 
tests in the 50-50 mixture. Again, the ignition may result 
from the presence of titanium in the alloy. 


Cobalt Baned Alloys 

In an oxygen atmosphere*, ignition of the two cobalt based 
alloys CM’curred when the metal reached the melting point. 
The rate of clc*structinn of the t«*st sc*ction increased with in- 
cn*asing pressure, with l)oth metals igniting almost exjilosively 
at the 800 psia level. 

No ignition was ol>sc*rved for Haynes 25 in either carbon 
dioxide or the o.xygc*n-carlK>n dioxide mixture at 3(X) psia, tube 
failure cM-eurring due to melting. Multimet N-155 melted in 
the COi atmosphere, wheri*a8 partial destruction occurred in 
the tc*st w ith the Oj-CO| mixture. 

Nonferrous .Metals 

No ignition or burning of the aluminum alloy <R-cum*d. 
Grossi* and ('onway (2) have shown that aluminum will not 
ignite until its tc*in|)erature is raised above the melting point 
(1800 F). In the present study, evaluation of photo coverage 
show(*d that the tube m<*lted and sc*vert*d with no incandc*s- 
eenee or hot s|K(ts. The high thermal conductivity a!lowc*d 
hc*at from the mc*lting sone to he* quickly dissipated, lowering 
the tc*mperature bc*low its kindling point. 

Results of this study show that copper ignites at a tem|>era- 
tun* slightly bc*low its melting point in a 100% oxj’gen atmos- 
phere and at a prc*ssure of 300 |Hcia, resulting in the destruction 
of approximately 70% of the tc*st sfH*cimen. Ignition of 
coppc*r may be* related to the condition of the oxide film and 
consequently de|>endent on the tc*st conditions. 

The results indicate that in an o.xygen atmosphere, ignition 
of titanium will take place* when the metal temperature* ex- 
ceeds 1500 F. In a carbon dioxide atmosphere, ignition was 
found to occur at a temperature 250 F below the melting |>oint. 
It is reported (8 and 0) that titanium will react with carixen 
dioxide and form titanium dioxide and carbon monoxide. 
This reaction will occur at a t<*mperature of 1 650 F. Reynolds 
(4) also reports a wide range of tem|x*raturc*s wherein titanium 
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may ignite. These results indicate that ignition of titanium 
is also dependent upon the condition of the oxide film and 
consequently upon the particular testing technique employed. 
Of all the metals tested, titanium proved to be the most re- 
active metal at elevated temperatures regardless of the com- 
position of the atmosphen*. 

Conclusions 

The results of this investigation are graphically summarized 
in Fig. 8, in which the elTcct of gas composition at a constant 
pressure is shown, and in Fig. 9, in which the effect of pressure 
upon tubes in an oxygen atmosphere is noted. The following 
general conclusions are indicated. 

The ignition of stamlcss stt'cls (containing nickel) (M'currcd 
within the melting (mint ranges of the alloys during tests in an 
oxj’gen atmosphen*. St«*el alloys, with no nickel content ig- 
nited at temperatures below their melting points. The rates 
of burning and destruction of the t<*st sections incn>ased w ith 
increasing oxygen concentrations. 

Most of the nickel l>ased alloys did not igniU* until the 
melting point was reached. Nickel A di<l not ignite in oxygen, 
and, whereas ignition was noted fur the other allo>a at ele- 
vated pressures, the rate of burning of Nickel A was generally 
less sev'ere than that obs<>rved for the ferrous bastxl allo>a. 

Cobalt based alloys ignited at tem|>eratures within their 
melting point range. The rat4>8 of burning were similar to 
those of the iron based alloys; however, the resulting damage 
to the test sections was leas severe. 


Ignition did not occur with the aluminum alloy studied. 
A copper test s(‘ction ignited when tested in oxygen at the 
300 psia prt‘88ure level. Titanium was the most reactive of 
all the metals tested, and was the only metal which ignited in 
an atmosphere of carbon dioxide. 

From these test n*sults it is conclude<i that stainlc'ss ste<>l8 
with a high nickel cont4*nt are the most suitable material for 
the manufacture of such items as rocket engine combustion 
chambers. This metal is es|)e<'ially adaptable where high 
temperature environment plus resistance to oxidation reac- 
tions are major controlling factors. 
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ASTM-AUE MINT C0£WTTEE ON EFrECT OF 
TENFEIUTUEE FMFENTIES OF METALS 



UPS 



RIPIRIHCI received from V. J* Johnson, NBS Cryogenic Engineering 

Laboratory, Boulder, Colorado, 


ASTM-ASME KHNT COHMIHEE ON EFFECT Of 
TEMfERATURE ON fROfERTIES Of METALS 


ELECTRICAL RESISTIVITY 


MICtOMA 1 TIHP , MCMOHM> I TIMP , Ul£XOHM> I TUP . MKROHM. 1 
cmIp cm|p cmIp cm 















































G 
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ASTM-ASME JOIMT COMMITTEE ON EFFECT OF 
TEMFEAATUIIE ON FROFERTIkS OF METALS 


ASTM-ASME KMNT COMMITTEE ON EFFECT OF 
TEMFERATUEE ON FROFERTIES OF METAU 


IMATIRIAL Aluminur 

n HEAT NtiURER 1 

OtCMICAL 
COMPQIITKM 
FIR CfNT 









1 





























TUATMttiT 

AlFtiINCI Mendoza; received from V, J, Johnson, NBS 

Cryogenic Engineering Laboratory, Boulder, Colorado. 


ItMAKKt 


ELECTRICAL RESISTIVITY 


TEMP, 

F 

MICROHM. 

CM 

TIMF, 

F 

MtCROHM- 

TIMF, 

F 

MICROHM. 

CM 

TIMF. 

F 

MtCROHM. 

CM 

.4S3 

0.0065 
























ASTM-ASME JOINT COMMIHEE ON EFFECT CF 
TEMFERATURE ON FROFERTIES OF METALS 


G 


MATtRIAL A 

lumimim HEAT MIWEEE 1 

CHtMlCAL 
COHPOtirWN 
HR CtNT 






































' m 


THATtWNT 

ftIFIKIHCf Sehiffera; received from V. J* Johnson^ NBS Cryogenic 

Engineering Laboratory, Boulder, Colorado. 


IIMAMI 


ELECTRICAL RESIST ViTY 


ysmf, 

F 

MICROHM. 

CM 

TIMF, 

F 

MICROHM- 

CM 

TIMF, 

F 

MICROHM. 

CM 

TIMF, 

F 

MICROHM. 

CM 

--424 


-435 

BiRiMlB 


IHHHHI 

■■■■i 


'HIHHi 



■HIHH 

■■■■■I 

■■■■■ 

■BHI^B 



B999 

IHHHHi 

IHIBHI 

HMHB 

HHHH 





■■■■■ 

■■■■■ 

■■■■ 

■■■Hi 

■■■■■ 



ASTILASME JOINT COMMITTEE ON EFFECT OF 
TEMFERATURE ON FROFERTIES OF METALS 


G 


MATIRIAL Alumlnu 

m HIAT NUMIER 

CHtMlCAL 
COMFCSITIOK 
FIR CIMT 





































FORM 

HfA? 

TRIATMINT 

Meissner arrfl Voigt; received from V. J, Jwhnson, NBS Cryogenic 
RIFIRINCl Engineering Laboratory, Boulder, Colorado. 

RIMARU 


ELECTRICAL RESISTIVITY 


TIMF, 

F 

MICROHM. 

CM 

Tinr, 



MICROHM. 

CM 

B 

MICROHM. 

CM 

TIMF, 

F 

MICR6HM- 

CM 



KESHH 

lAUUJI 

-451 


■SB3HI 



bsMibi 


■■■■1 



■■■■■ 






















- ■ 1 




■■■■ 

■■■■B 

■■■■i 


■■■■i 

■■■■■ 


■■■■ 







BMB1 








55B 




















MATIRIAL 

Comme 

rcial Pu 

re Aluminum MEAT HUMIIR { 

OWMICAL 
CQMFOUTIOH 
FIR CIMT 

Al 









99 








— 



















JSM ; 

Heir 

TRUTMCNT 

Powell, R. L. , Hall, W. F. and koder, H. M. , to bw* published; 
RIFIREMCl as found in "A Compendium of the Properties of Mat. riats at 
Low Temperatur.-s, Phase 1", Part II. edtt.'d by 
Victor J. Johnson, NBS Cryogenic Engineering Laboratory, 
Boulder, Colorado (December, 1959). 


THERMAL CONDUCTIVITY 


TIMF, 

F 

iTU HE-I 
ET-J r-i 
ET 

TIMF, 

F 

ITU HR-I 
FT-7 F-l 
FT 

TIMF, 

F 

ITU HB-I 
,T-> E-1 
FT 

TIMF. 

F 

ITU HR-1 
FT-J F-1 
FT 

-453 

31.6 

.424 

159 

-352 

196 

'-100 

127 

-449 

■TIM 

-406 

202 

-316 

159 

. 10 

■g— 

-445 


.366 


.260 

139 

80 

miffmm 

IIHBIH 



■■■■1 

iSHHl 

ibbhhi 



■■Him 




ASTM-ASME JOINT COMMITTEE ON EFFECT OF 
TEMPERATURE ON PROPERTIES OF METALS 


G 


MATIRIAL Aluminu 

rn AIio« 

..1100 HIAT NUMIER 

CHEMICAL 

COMFOUTIOH 

FIR CtNT 

Al 









99f0 




























HEAT Annealing temperature; 650 T; Hot working temperature range: 

TKIATMEMT 500-9S0 F; Melting temperature range; U90»‘l<il5F. 

Beeseeur** "Materials in Design Engineering", Materials Selector, edited by 
nePCRENCC Clauser, Vol 46, No. 4 (September, 1957). 


THERMAL CONDUCTIVITY 


TIMF. 

F 

ITU HR-1 
FT-a F-1 
FT 

TIMF, 

F 

ITU HR-1 
FT-J F-1 
FT 

TIMF, 

F 

ITU HR-1 
FT-2 f-1 
FT 

rlMF, 

F 

iTU Hi-I 
FT-J F-> 
FT 

77 

126 






















. 


COEFFICIENT OF LINEAR THERMAL EXPANSION 


TIMF 
RAMCt. F 

F-1 X le 

TIMF 
RANCI. F 

F-' X le 

TIMF 
RANCI, F 

F-'XJO* 

TIMF 
RANCI. F 

F-' X le 

68.212 

13.1 
























SPECIFIC HEAT 


TIMF, 

F 

RTU Li-1 
F-1 

TIMF. 

F 

Ifu LI-1 
F-1 

TIMF. 

F 

ITU LI-1 
F-I 

TIMF. 

F 

ITU LI-1 
F-1 














































' 





























































CLCCTKiaL RESISTIVITY 


ELECTRICAL RESISTIVITY 


timp. 

p 

MiCROHM* 

CM 

TIUf , 
P 

MICtOHN* 

CM 

TIMP, 

P 

MCROHW* 

CM 

TIMP, 

P 

MKROHM> 

CM 

68 

2,92.. 
























DENSITY 


■ 


1 

ly 

B 


Bi 



msQSi 

HHHHI 



HHlHi 



HHHHH 


HHHHH 

HHHHH 






tssumed to be at too 

n temoerature. 






ASTM.ASHE JOINT COMMITTEE ON EFFECT OF 
TEMPERATURE ON PROPERTIES OF METALS 


© 


1 >>*TiRIAL AJuminu 

m— no 

D F HIAT HUUIII 1 

CHIMiCAL 
COMPOUTtOM 
PIR CIHT 






































As fabricatfd. 

HIAT 

TRIATUIHT 


Powell, R« L>. , Hall, W» J, and Roder, H, M, , to be published 
RIPIRINCI ( 1958){ as found in '*A Compendium of the Properties of Materials 
at Low Temperatures, Phase I'*, Part 11, edited by 
Victor J* Johnson, NBS Cryogenic Engineering Laboratory 
Boulder, Colorado (December, 19S9)* 


TIMP, 

P 

MICROHM. 

CM 

TIMP, 

P 

HtCROHM. 

CM 

TIMP, 

p 

MICROHM. 

CM 

TIMP, 

P 

MICROHM. 

CM 

-453 


-406 

■AUJBI 

-362 

0. 34 

•280 

0.69 

.442 



KfJVnHI 

iHSTTHB 

■ivnHi 

80 

mnrM 


jHiIRWii 

SITliflHI 

liRnnHH 

HHHHI 

HBHIH 


HHHHB 


















ASTM.ASME JOINT COMiSinEE OH EFFECT OP 
TEMPERATURE ON PROPERTIES OP METALS 


© 


«ttTiRUL__AlmnliiuiTt..ll60 Alcoa HRAT WUWtR 


CHIMCAL 
eOUPOUTtON 
PIR CINT 

Al 

Si 








99 

0. 13 



























FOtM 


MAT 

TRRATMNT ab fabricated. 

Cryogenic Engineering Laboralories , National Bureau of Standards, 
RIPIRINCI Boulder, Colorado. 


Crain size: longitudinaN-0^024 x 0,008 mm , tr^insverBc«*C,012mm| 
RIMAREI Diamond point hardness»longitudinal»«4S , traRSver8e«>44, I 


THERMAL CONDUCTIVITY 


TIMP, 

P 

•TU HR>1 
PT-J P-l 
PT 

TIMP, 

P 

■TU HI-1 
,T-J 
fT 

TIMP, 

P 

•TU HR-1 
pT-a p-1 
PT 

TIMP, 

P 

ITU HR-1 
PT-I P-1 
PT 

.453 

32 

-424 

156 

.388 

220 

-316 

159 

-447 

56 

-406 

208 

-379 

220 

-280 

138 

-442 

80 

-398 

219 

-352 

i9V . 

-^44 

-U9_^ 


















THERMAL CONDUCTIVITY 


TIMP, 

P 

■TU H«'< 
IT-J f-' 
,T 

TIMP. 

P 

•TU HI-I 
,T-J ,-I 
IT 

TIMP, 

P 

•TU Ht-1 
PT-J P-1 
PT 

TIMP, 

p 

•TU HR-1 
PT-2 P-1 
PT 

-453 

31,2 

-442 

81.5 

SSUUSi 

220 

.280 

142 

-449 


-424 

159 

-352 

196 

-100 

127 

-445 

■cEm 

-115 

mvmm 

■ ilFM 

_li2 



L22 


HHHH 

HHHBH 


mmimi 

hbhih 


npmi^ii 

iWmKEmSBSSBSV- 



■Bmhi 




ASTM*ASME JOINT COMMIHEE ON EFFECT OF 
TEMPERATURE ON PROPERTIES OP METALS 


© 


MATIRIAL Aluminu 

m — 11 

00 Alco. HIAT HUUII. 

CHIMICAL 
COMPOMTIOH 
PIR CINT 

Al 

Fe 

Si 







99 

0.41 

0.22 








- 




















Annealed for 2 hours at 400 C, 


RIPIRINCI Cryogenic Engineering Laboratories, National Bureau of 
Standards, Boulder, Colorado, 

Grain sise»«longitudinal 0,040 x 0.032 mm, 

RIUAIPS Transverse 0, 036 mm. Diamond point hardness - longitudinal • 
36, Transverse » 34, 


ASTH-AUE JOIHT CO Mimg OH AWtCT. Of 


© 


ilATIRIAL Aluminum NIAT NUNlij, 


CHIMICAL 
COMPOUTION 
PIR CINT 

Al 

SI 








99, J 

0| 05 

0.03 


























Slope of initial tem p, ris e curve in resistance heated wire. 
Pochapsky, T, E, , "Heat Capacity and Resistance Measurements 
for Aluminum and Lead Wires", ACTA Met. I, pp, 747-51: as 
found in WADC Technical Report 5B-476, "Thermophysical 
RIPIRINCI Properties of Solid Materials" January, 1959, Armour 
Research Foundation, 


RIUAIKI Author estimates accuracy H; 57f. 


ELECTRICAL RESISTIVITY 


TIMP, 

P 

MICROHM. 

CM 

TIMP. 

P 

MKROHM. 

CM 

TIMP, 

P 

MCROHM. 

CM 

TIMP, 

P 



MKROHM- 

CM 

170 

3.3 

530 

5.6 

. 800 

7.5 

1070 

9.5 

260 

3.8 

620 

6.2 

890 

6.1 

1160 

10.2 

350 

4.4 

710 

6.8 

980 

8.8 

1250 

11.1 

440 

5.0 
































THERMAL CONDUCTIVITY 


TIMP. 

P 

•TUH«-< 
FT-1 f-l 
IT 

TIMP, 

P 

•TU HI-1 
PT-1 P-1 
PT 

TIMP, 

P 

•TU HR-I 
PT-1 P-1 
PT 

TIMP, 

T 

•TU HR»1 
PT-* P-1 
PT 

-453 

26 

-424 .129 

-379 

194 

-280 

129 

-447 

46 

-406 . ' h"j 

-370 

191 

-244 

123 

-442 

66 

-388 

iSA 

.316 

149 



























' 

















SPECIFIC HEAT 


TIMP, 

P 

•TU LI-1 
P-1 

TIMP, 

P 

•TU LI-1 
P-1 

TIMP, 

P 

•TU L9-1 
P-1 

TIMP, 

P 

•TU LI-1 
P-*. 

-10 

0. 196 

3S0 

0.230 

710 

0.253 

1070 

0.283 

00 

0. 205 

440 

0.237 

800 

0.260 

1160 

0. 297 

170 

0.214 

530 

0.244 

890 

0.267 

1250 

0.314 

260 

0.222 

620 

0. 248 

980 

0. 274 













1 








1 







8 



























L.*es»4?-,r ^ 




COiFFKKMT OF LMIAR THUHAt CXFiMlOK 



COeFFICICMT OF LtNCAR THERMAL EXPANSION 


COEFFICIENT OF LWEAR THERMAL EXFANSKM 



COEFFICIENT OF LINEAR THERMAL EXFANSKM 




THERMAL CONDUCTIVin 



10 











© 




COCFFICIENT OF UNCAK THERMAL EXPANSKM 


ASTM.ASME JOIMT COMMITTEE ON EFFKT OF 
TEMPERATURE OM PROPERTIES OF METALS 


TIMP 

9m9.f 


TIMP 

■ANCI.P 


TIMP 
BANCI. P 


TIMP 
MANCI. P 



q.87 

68W.IOO 

11.01 

68.200 

12. « 





81 























SPEOFIC HEAT 


HI 


iH 


H 


Hi 


■Df'l't'lllltl 

mnznf 

11 HIM 



IEW1E1H 




nfiTVi 


ViWTTni 

mvmm 

vnni 

Mumm 

iWTTVi 























OSNSITY 


H 


Hi 


B 

H 

B 

■ 



BiiiinHi 

Ewun 

CSEHHi 

KSEHS 


EROmH 



1 ts 1 






'IHliHHi 

HHIHBE 

HHHBH 



HMHBH 




13 lb in*5 















1 





W4Tttl4L Aluminum AUoy— 2017 HtAT MUMMtt 


CMIMlCAL 

COMPMirtOM 

Pll CIMT 

Cu 

Mn 

Mg 

Al 






3.5- 

4.5 

0. 4- 

1.0 

0. 2- 
0.8 




























TI^TUtMT A"***^^"* temperature; 775 P; Solution temperature; 940 F. 


••Materials in Desi|n Enfineering ", Materials Selector, 
ItPIBINCt by H. R. Clauser, Vol 46, No, 4 (September, 1957) p, 02. 


THERMAL CONOUaiVITY 


TIMP, 

P 

§TU W-< 
.1 

TIMP, 

P 

ITU HI-1 
PT-2 P-1 
PT 

TIMP- 

P 

iTU MI-1 
PT-* P-1 
PT 

TIMP, 

P 

ITU MI-1 
PT-I P-1 
PT 

77 — 

99.4 
















COEFFiCIEHT OF LINEAR THERMAL EXPANSION 


TUP 

■4MCI.P 


TIMP 
■AN6I. P 

.-Uh* 

TUP 

I6M6I.P 

.-'sw* 

TIMP 

lANU.P 

F-'.II* 

81.212 

12.7 

68-572 

13.9 














DIFFUSIVin 


TIMP, 

P 

(1) 

pt2 mi-1 



<Sr 

TIMP, 

P 

(2) 

PT* MI-1 



-{7° 

;.7{’ 




2.93* 



-ioo 

1.91 



-Ifio 




-100 

1.94 



-100 

2.77 



68 

2.03 



68 

2.77 



200 

2. 11 



200 

2,75 



400 

2.50 



400 

2. 68 



m 

i.39 



bOO 

2.S7 



800 

2.05 



800 

2.05 











(1) F 
(21 
• Ej 

s reeeive< 
iter heatin 
atranolate 

1 above 575 F. 


1 


■ 


1 

! 


1 




1 

! 


ASTILASME KMNT COMMITTEE ON SFFCa OF 
TEMPERATURE ON PNOPBIITIBS OP METAU 


0 


MATIIIAL Aluminum 

Allov—7075 MAT MUMIII 

CNfMCAL 
COMPCUTMM 
PfI CUT 

Cr 

Me 


Zn 

Al 







.-.U4. 


























POMN 

iCf 


ahntIfliQiSUb) 


TttATHINr Temper— T6. 


UFItMCt C 


w,wmm, V. , Schaetfer, G. T« , Saule, A. , and Sachi7G7^,^TherfMr 
Cycling Under Constant Load^to Iflw Temperatures at Aluminum atwl 
^yestw AUoy^s^j^resented at 63rd Annual Meeting of ASTM, 


SPECIFIC HEAT 


TUP, 

P 

•TU LI-1 
P-1 

TIMP, 

P 

•TU LI-1 
P-1 

TUP, 

P 

ITU LI-1 
P-t 

TUP, 

P 

•tU LI-1 
f-1 









' 








Data atsumud to be .it room temperature. 

1 ~i: 1 li III 


ELECTRICAL RiSISTtVITY 


TIMP, 

P 

MCMHM. 

CM 

TIMP, 

P 

MICIOMi 

CU 

TUP, 

P 

MCMMI6 

CM 

TIMP, 

P 

MCMM6 

CM 

68 

3.83 
















DENSITY 


TUP, 

P 

Lieu 

M-l 

TUP, 

P 

Lieu 

M-1 

TUP, 

P 

Lieu 

W-1 

TUP, 

P 

Lieu 

w-i 

Boom 

o.ioi 
















untd to be at room ti 

moeratur 



J ■ 


1 1 1 


ASTM-ASME JOWT COMMIHEE ON EFFECT OF 
TEMPERATURE ON PROPERTIES OF METALS 


© 


COEFFICKHT OF Lli«a THERMAL EXPANSKM 


TUP 

lAMM.P 

F-<«U^ 

TUP 

■uw.p 

F-*«li< 

TUP 

lAMCl.P 

F-I«H* 

TIMP 
lANU, P 

F-'xit* 

6I.(.32BI 

10.0 

68-212 

13.2 

68-392 

13.5 




























































UATIIIAL Alumin 

im Alio 

V— 2211 HIAT NUMMI 1 

CMIMirAI. 
COMPMITIOM 
Pll CINT 

Cu 


.Mf 

At 






3f1- 

4.5 

1,7. 
2. 3 

r“- 

1.0 

Bal 

























UfiHL. 

hIaT 


Annealing temperature: 775 F: Solution temperature; 950 Fi 
Aging temperature; 460 F, 


"Materials in Design Engineering", Materials Selector, edited by 
H. K Clauser, Vol 46, No, 4 (September, 1957) p, AS, 


11 








THERMAL COHOUCTIVITY 


SKOPiC tCAT 


TEMP, 

P 

•TU Ni-I 
PT-2P-1 
FT 

TEMP. 

P 

•TU HR-I 
PT-2 P-l 
PT 

TEMP. 

P 

tTUM-l 
,T-1 f-l 
,I 

TEMP. 

P 

ITU NR-t 
PT-2 P-l 
PT 

■SS 



BB 

BS 

SB 

SB 

mSm 


COE^RKiCNT Of LWCAR THERMAL, EXfAMSION 



tBCI 


I II* I IAK6I. f l-U II* I lAMM. I I** X II* 


SPECIFIC HEAT 




AtTtl-ASME JOMT COMMinU ON U>KCT Of 
TEtfUUTUIt ON PMKimiS Of NCTALi 


lEsmE 


M II I I' l I W i l J.IT.l.M I l Ji M 


Annealing temperature; 775 F, Solution temperature; 950 F, 
TRIATMIHT AainB temperature; 540 F. 


IIFIIINCi "MateriaU in Design Engineering", Materials Selector, edited 
by H» R. Claus.'r, Vol 46, No, 4 (September, 1957), 


Melting temperature range; 9S0*U80 F. 


THERMAL CONDUCTIVITY 


astm-asme khnt committee on effect of 

TEMPERATURE OH PROPaTIES OF METALS 


MATERIAL / 

aluminum Alloy 
— 

Cu Ni 

—2018 

Al 



■B 


CHEMICAL 

COMPDNTKW 

miiMipna— 
: BwV rBlH InRH Kz3| 



aBM=3M 


- .. . 












HEAT Annealing temperature: 775 F: Solution temperature* 950 F: 

TREATMENT Aains temperature: 340 F. 


"Materials in Design Engineering", Materials Selector, edited by 
■ * * H. R. Clauser, Vol 46, No. 4 (September, 1957) p. 83. 


TEMP, 

•TU NR-I 
PT-2P-I 

TEMP, 

iTUM-l 

»T-»M 

TEMP, 

•TU MI'I 
FT-2 P*l 

TEMP, 

•TUMI-I 
FT-I P*1 

p 

PT 

P 

FT 

P 

PT 

P 

PT 

BS 


BB 

BB 

BB 

■S 


■BIS 



In.-Wt ■ ■ I W gfBCTMl 





THERMAL CONDUCTIVITY 


TEMP, 

P 

•TU Wl"1 
PT-a p-1 
PT 

77 

■moi 




EMP, 

P 

•TU HR-t 
PT-2 P-I 
FT 

TEMP. 

P 

•TU MR-1 
PT-2 P-I 
PT 

TEMP. 

P 

•TUNR-1 
PT-I P-1 
PT 









COEFFICIENT OF LINEAR THERMAL EXPANSION 








SPEOFIC HEAT 




EUCTRtCAL RESISTIVin 


MCRDMA I TEMP , MCtOHH> I TEMP . MtCRONtf. I TEMP , IMCROHN. 
cu|p |cm|p cmIp cm 














































































































.. .* MW wr W)i*iWiiii»w dcBt 


Ana-AUf JOWT OMIiHTTU ON VKCT OF 

timfoutum on FooFtnnn of mtau 


MTN-AIW JOINT C ONMTm ON IFFjCT.y 
TUFOATUM ON FMFnTIU OF NtTALS 


WNFauncN 

m CMT 



B 

jS 


■ 

S 

HIMPliRR 

■H 

Hi 

Hi 

Hi 

Hii 

HUSH 

Hi 

Hi 

m 

Hi 

Hi 

Hii 


■jj 

■H 

■[ 

B 

■■ 

B 


icicnzi 


IrSff 


Lucks, Ca F, snd Deem, H, W. , "Thermsl Properties of Thirteen 
Metsls", A5TM Spscisl TecKnicsl PubUcstion No, 227. 



Solution hest trested. 


Powell, .R. L, • HsU, W. J, snd Roder, H, M. , to be published 
(19Sl)i as found in "'A Compendium of the Properties of 
Materials at Low Temperatures, Phase l'*, Part II, edited by 
Victor J, Johnson, NBS Cryogenic Engineering Laboratory, 
Boulder, Colorado (December, 19S9), 


THCiMAL CONDUCTiVITY 


THCIMAU COM>tfC?hriTY 






BTUM-1 

IMP, 

PT-SP-1 

P 

PT 







■■ m — MPTf 


\i\ f \ lujjw.n uMi j.i. J im ? 


(l) As rfceived. 


ASTM-ASME MINT OOMHITTU ON imCt ON 
TBHPCIIATMf ON mfINTIES ON METAU 


COENNICIENT OF LMEa TH^MAL EXPANSION 


I TEA# 

tAMI.P I P-U 


laiTmi 


IHIHBmnn 


■rWT ■Rjl!— Jt W I 


I MN:.'-. 1,1,1 


TtiATHBMT Solution heat treated at facto 


■■fiawg Cryogenic Engineering Laboratories, National Bureau of Standards, 
Boulder, Colorado, 





igNtrnwl 


l ull — ■■WHf MU'— ■JlHlJi KKJHaUUUWlI 

Ifwjjjj jwTjrrj TT— ffimTi Tn—nrrnr ~ 

| ■TOrlfTTTt u■J..^!,i^Ma^l. l u■l l l 'l . ' .Il l Mlmr T ^l n^ i^e F H^ l lwp^l 









■TUM-< 

TiMP, 

,T‘J F-1 

P 

,1 




•TU M-l 

IMP, 

Pf-IP-1 

P 1 

PT 




•TU M-l 

IMP, 

PT-tp.l 

P 

PT 




iwneai ii^ 







































- -spvrflosMa*.:!? •».• . 
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CMMICM. 
OOMKWTtaM 
FtIC CCNT 


MPtetNCi "Materials in Design Engineering " Materials Selector, edited by 
H. R. CUuser, Vol 46, No, 4 (September, 1957), p, 84, 


a sm aet Melting point: 2463 F{ Annealing temperature; 2175-2200 F; 
Hardening temperature: J475-1500 F. 
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2. METALS 

The thermal effectiveness of a multilayer insulation system is influenced the type 
and quantify of structural, plumbing, and electrical line penetrations through the 
insulation to the propellant tank. The selection of materials for fabricating these 
penetrations depends on structural properties, thermal properties, cost, and ease of 
fabrication. This section of the Handbook provides pertinent design data for metals 
used in most of the insulation penetrations. 

The metals selected for reporting are those which exhibit good low-temperature struc- 
tural properties. Where data for a specific metal are not available, data for similar 
metals are provided. Data for high-purity metals are presented, also, for reference 
purposes. The data presented include density, linear thermal expansion, thermal 
conductivity, specific heat, and emissivity. 
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Density of Metals 


The aluminum alloys shown are normally used for propellant tanks, the stainless 
steels for plumbing lines, and the titanium alloys for tank support structures. 




2-2 


„ »-0C|< HEED missiles St SPACE COMPANY 


Metals j Density at 75°F 
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Linear Thermal Expajision of Metals as a Function of Temperature 

Certain curves were adjusted slightly sc that zero percent expansion falls at 538’ R. 
This shift does not affect the relative value of thermal expansion between two 
temperatures . 
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TITANIUM ALLOYS 

6A1 4V (REF. 26) 

5 A1 2.5 Sn (REF. 27) 
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(REF. 29 & 30) -I 
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7039 & 7075 
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Fig. 2-1 Linear Thermal Expansion of Metals as a Function of Temperature 
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Thermal Conductivity of Metals as a Function of Temperature 

The thermal conductivity of 7075-T6 aluminum in the annealed condition is higher 
than for the same material in the tempered condition. This characteristic is typical 
of an alloy after annealing. 

The thermal conductivity of four commercial titanium alloys and several stainless 
alloys have been included in a separate figure for clarity. The titanium alloys are 
alloyed as follows; 

4A1-3MO-1V - 4, 4% Al, 1. 0% V, 3. 0% Mo, 0. 1% Fe, 0. 03% C, 0. 011% N 
2.5A1-16V ~2.75%A1, 14.95% V, 0.21% Fe, 0.03%C, 0.015% N 
6A1-4V - 5. 89% Al, 3. 87% V, 0, 15% Fe, 0. 02% C, 0. 015% N 
13V-llCr-3Al -3.5% Al, 13. 9% V, 10.4% Cr, 0.25% Fe, 0.04% C, 0.025% N 
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ALUMINUM ALLOY 
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Fig. 2-2 Thermal Conductivity of Metals as a Function of Temperature 
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Fig. 2-3 Thermal Conductivity of Titanium Alloys as a Function of Temperature 
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Thermal Conductivity Integrals of Metals 

. . . ..... , , ^ 


The thermal conductivity integrals for metallic solids are presented in this section as 
a function of temperature. The thermal conductivity integral is defined from the 
Fourier Equation for steady unidirectional heat conduction as follows: 




dx 


where 

Q = Rate of heat conduction, negative in the direction of increasing length 
k = Thermal conductivity 

A = Cross-sectional area of the heat conduction path, normal to the direction 
of heat flow 

dT 

^ = Temperature gradient along the path at the section under consideration 
T = Temperature 
X » Length 


For a constant cross-sectional area the Fourier Equation becomes 


T 

Qi./ kdT 



where and Tg are the temperatures at any two points along the path of heat flow, 
and L is the distance between these two points. 

The tliermal conductivity integrals plotted in this section as function of temperature 
are values of 
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where and Tj^ are temperatures along a heat flow path communicating between 
heat reservoirs at T = 7.2®R and at length L^for T » The heat flow along 
a conductor of constant cross-section A , through length L , may then be determined 
from the difference of the thermal conductivity integrals 


Tg Tg 

Q J ^ f k dT = / k dT - / k dT 



In order to extend the usefulness and accuracy of the data presented, temperature 
scales have been expanded and data have been plotted on a series of graphs to cover 
the entire temperature range of interest. 
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Thermal €ondactivity Integrals <>f Parc Akimiimm 
as a Panction of Temperature 

Aluminum I - 99»S96% pure, single crystal (ALCOA) 
99v99% pure> cold dram (ALCOA) 

Ahimhium tl ~ 99% commercial pure (ALCOA) dram 

All data were obtained from lief. 104„ 
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Fig. 2-4(d) Thermal Conductivity Integrals of Pure Aluminum as a 
Function of Temperature 
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Thermal Conductivity Integrals of Various Aluminum Alloys 
as a Function of Temperature 


The alloys cited in the graphs are composed of the various elements as follows: 

1100-F — ALCOA, 99% pure aluminum as fabricated 
6063-T5 - ALCOA, 0.4% Si, 0..7%Mg, 98.5%A1, as fabricated 
3003-F - ALCOA, 1.2%Mn, 98.5%A1, as fabricated 

4S - 0.16% Cu, 1.02% Mg, 1.20%Mn, 0..52%Fe, 0.13% Si, 0.02% Cr, 0.02% Ti 
5052-0 “ 0.25% Cr, 2, 5% Mg, 97% Al, annealed 
5154-0 — 0, 25% Cr, 3. 5% Mg, 96% Al, annealed 
75-S - 1.5%Cu, 5.5%Zn, 2. 5% Mg, 0.2% Mn, 0.3% Cr 
2024-T4 — 0.6% Mn, 1.5% Mg, 4.5% Cu, 93% Al, solution heat treated 
All data were obtained from Hef. 104 
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Fig. 2-5(c) Thermal Conductivity Integrals of Various Aluminum 
Alloys as a Function of Temperature 
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F4i. 2-5(d) Thermal Conductivity Integrals of Various Aluminum 
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Thermal Conductivity Integi^als of Titaniu m 
as a Function of Temperature 


Titanium — 99.99% pure, single crystal. Associates Electric Industries 
Titanium Alloy ” Rem-Cru, RC 130-B, 4.7% Mn, 3.99% Al. 0.14%C 
All data were obtained from Ref. 104. 
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Fig. 2-6(b) Thermal Conductivity Integrals of Titanium 
as a Function of Temperature 
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Fig. 2-6(c) Thermal Conductivity Integrals of Titanium 
as a Function of Temperature 
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Thei'mal Conductivity Integrals of Several Commercial Titanium 

Alloys 

4Al~3Mo-lV “■ 4.4% Al, 1.0% V, 3.0% Mo, 0.1% Fe, 0.03% C, 0.011%N 
2. 5A1>16V - 2.75%A1, 14.95% V, 0.21% Fe, 0.03% C, 0.015% N 
6A1~4V - 5,89%A1, 3.87%V, 0.15% Fe, 0.02% C, 0.015% N 

13V-llCr-3Al 3.5% Al, 13.9% V, 10.4% Cr, 0.25% Fe, 0.04% C, 0.025% N 

- 

All data were obtained from Ref. 105. 
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Thermal Conductivity Integrals of Ferrous Alloys 
aa a Funotton of Temperature 

410 - 12,8% Cr, 0.36% Si, 0.32% Mn, 0.12% Ni, 0.09% C, 0.08% Cu, 0.03% N. 
0.01% P 

Sfcainless Average value for close curves of types 303, 304, 316, 347, and 
"stainless" as compiled! in NBS Circular 556 

All data were obtained from Ref. 104. 
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Fig. 2-8(a) Thermal Conductivity Integrals of Ferrous 
Alloys as a Function of Temperature 
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Fig. 2-8(b) Thermal Conductivity Integrals of Ferrous 
Alloys as a Function of Temperature 
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Fig. 2-8(c) Thermal Conductivity Integrals of Ferrous 
Alloys as a Function of Temperature 
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Specific Heat of Metals as a Function of Temperature 

The etainless-steel alloys 316 and 347 are classified as 18-8 austenitic stainless 
steels. These eemtain 18 percent chromium and 8 percent nickel. 
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Fig. 2-9 Specific Heat of Metals as a Function of Temperature 
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Emlttance of Metals as a Function of Temperature 



Values of emittance depend markedly on the type of material, surface roughness, 
degree of oxidation, and temperature. 

The Ho. i finish requires a 15 -m in. rms surface; the No. 8 finish requires a 2-|j. in. 
rms surface. 


The data for 2024 and 7075 aluminum alloy apply to "clean and smooth surfaces scrubbed 
witii soap, washed with water, dried, wiped with toluene and then with alcohol", accord- 
ing to Eefs. 48 and 40. 

The data for 847 stainlesi steel a][^ly to & surface cleaned as noted above. 

F^. 2-11 shows the variation of emittance with temperature for chemically cleaned 
0(VP#7 and l/4-mSi thick aluminum foil. The aluminum foil is typical of that found in 
some multilayer insulation composites. 
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Fig. 2-10 Emittance of Metals as a Function of Tempexature 
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ing in table 26. For electrolytic etching, Inco- 
nel alloy 600 is used as the cathode and where 
water is indicated, tap water is used. Addi- 
tional useful reagents are given by Smith- 
ells [405]. 

The microstructure of high-purity nickel is 
shown in figure 40. 



Figure 49. MieroBtructun of higk-i urity nickel (Nickel 
goo) as forged. Etched with NaCN — (NHJzSzOs. 
a. X 100. b. X 600. 


2.7. Uses of Nickel 

Topics discussed in this section include the 
production of nickel coatings by various pro- 
cedures and the end uses of nickel-plated and 
solid-nickel objects. 

a. Coatings 

(1) Electroplating. Nickel is one of the 
most important metals applied by electrodepo- 
sition [406]. Nickel electrodeposits are used 
extensively as a foundation for a highly lus- 
trous finish on many manufactured metallic 
article.s. Protection of the basis metal and per- 
manence of a stain-free surface are the pri- 
mary requisites of such decorative coatings. 
These are obtained by an adequate thickness 
of nickel and a comparatively thin layer of 
chromium over it. Nickel coatings alone are 
also used industrially to protect the basis metal 
from corrosion or to prevent contamination of 
a chemical product. Although surface improve- 
ment and corrosion resistance are the princi- 
pal objectives of nickel electroplating, it is also 
used for building up worn parts [407] and for 
electroforming of printing plates, tubes, and 
many other articles [408,409], Williams [410] 
reported that steel sheet or plate up to 80 in 
wide and up to 20 ft long can be coated with 
0,006 to 0.020 in of nickel by electroplating. 
Nickel electroplating was originally used on 
iron, steel, and copper alloys but has been ex- 
tended to zinc-base die castings, aluminum, 
magnesium, and many other metals and plas- 
tics. An undercoat of copper is frequently em- 
ployed to create a better surface for the depo- 
sition of nickei and the good appearance and 
tarnish resistance of the nickel coating may be 
further improved, for particular applications, 
by a dna! coating of other metals, including 
gold. 

According to Gray [335], the history of elec- 
troplating goes back to the production of the 
first good nickel plate by Boettger in 1843, ob- 
tained from a bath containing nickel and amo- 
nium sulfates. Adams [411] in 1869 was prob- 
ably the first to do nickel plating on a truly 
commercial basis, thei’eby establishing elec- 
troplating as one of the major consumers of 
nickel. Developments in nickel electroplating 
led to the installation in about 1890 of elec- 
trolytic refining in the production of nickel, 
and this in turn contributed to the further 
improvement of nickel electroplating by sup- 
plying better anode material. Developments in 
electroplating have been rapid since early in 
the present century, with improved baths that 
permitted plating at high speeds, with im- 
proved understanding and control of operating 
variables and the use of addition agents, and 
with the development of improved and auto- 
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Tabus 2(5, Micretiehing of nUM and amt niektl^iatt aSoy» 


AUoy 


Niokiid and Mona) alioyc.. 


InaoiMd alloy 600 

Inoonal alloy X~7S0.. 


loeonal alloy 700. 


Inoonal alloy 036. 


Inoonal alloy 71B. 


Ineoloy alloy 800... 

Ineoloy alloy 825. 

Niokaia and Monel ailoyc. 

Hiab purity Niolsal 

Inoonal alloya 


SdutSm 

VdUaa 

Tima 

H,PO, 

HtO 

20 ml 
80 ml 

20 

10-15 OM 

SiCM 

10 ml 



tttO 

10 mi 
20 ml 



HNOi 

MetbaDril 

5 ml 
85 ml 

to 

5-iOaw 

HCl 

ao ml 



HNOi 

OttCi, 

10 ml 
Saturatad 



HNO, 

Methuiol 

20 ml 
80 ml 

.10 

15-30 M« 

HCl 

•2 ml 
3ml 
5ml 



HNO, 

HiSO, 



HCtUiO, 

HCl 

HtO 

10 ml 
3 dropa 
Mml 

,3-4 

10-20 arc 

HtSO, 

HNO, 

HtPO, 

ill 

5-10 

5-10 aes 

CrO, 

HiO 

5 gm 
100 ml 

10 

7-10 ate 

CrO, 

H.O 

HC)BA>i 

26 gm 
7 ml 
133 ml 

10 

5-15 aas 

HCl 




HNO> 

Olye^ 

aiye«ri:i 

HCl 

HNOi 

10 mi 
10 ml 

30 ml 

20 ml 
10 ml 


■i 



Oxalie 

HiO 

20 ml 
80 mi 

10 

1 O-lSuto 

Oxalic 

HiO 

10 ml 
80 ml 

10 

6-10 tec 

HNO, 

HCtHtO, 



2-6 aao 

SO ml 

20 ml 
3 ml 

20 ml 
3 ml 


HNO, 

HP 

HNO, 

HF 



1-3 MO 



if-S M8 



HaaMrkf 


Oenetal atrueluic. 


Swab: Tbe SaCN and BiOt additiona ara tnada (torn 80% 
atoiik aolutiona. 


Swab: Lot ataod 5 min before uainc, good for Inoonal allay 8W but 
not Inoonal alloy X-7S0. 


Swab: Add EtSO« laat and slowly, 


Tbi* alloy la dUBeult to aleb but one of tbeca two aotHtiana 
abould work for most oonditione of heat treatment, 


Dip In 100 ml HNOt+4 drops of HF to remove tba stain. 

To ditsolva tba CrOt, the solution abould be batvtad In hot watar 
only. Add HCiHiOa last. Mo st^ninc. 

Swab, 

Swob or immerae and stir, 

OmUo is musd from a 20% stosk solution. 

Oxolki is mixed from a 20% stosk solution. 

Good for grain siis dstermSnstions, tends to pit. 

Good for grain sise determination, tends to pit. 

Good fur grain sise datcrminstion, tends to pit. Uinss aam^ 
tborougnly. 


matte equipment for conducting the opera- 
tions [412,4X3], 

Since 1915, the rate of development of nichel 
lating has l^n quite rapid. Among the high- 
ghts are high-speed plating, begun bjr Watts 
with his famous “Watts bath” [414] ; control 
quality of deposits, first emphasized by Watts 
and DeVerter [416] ; accurate pH control, in- 
troduced by Thompson [416] ; low pH baths, 
suggested by Phillips [417] commercial intro- 
duction of modern bright nickel plating begun 
by Schlotter [418] and the many later devel- 
opments of it; design of baths for deposition 
of leveling, semibright and bright nickel coat- 
ings; growing appreciation of the importance 
of high-purity electrolytes and of high ductil- 
ity and low stress in deposits; and the devel- 
opment of automatic plating equipment tiiat 
makes possible today's high production rates 
and low costs. 

According to Pinner^ Knapp, and Diggin 
[406] a survey of recent iniormation shows 


that the composition of the modern Watts 
bath can be represented reasonably well by 
the following: 

Nickel sulfate (NiS04*7H*0) 240-840 g/1 
Nickel chloride (NiClg^eHsO) SO- 60 g/1 
Boric acid (HsBOs) 30- 40 g/1 

An all-chloride bath was developed by Blum 
and Kasper [419], The better-bulfered half- 
chloride, half-sulfate bath of Pinner and Kin- 
naman [420] has advantages of both the Watts 
and the high-chloride baths and has been 
found to be especially suitable for high-speed 
plating. 

Information of value on the electroplating 
of nickel is contained in several publications 
of The International Nickel Company, Inc., 
[421,422,423,424,426]. 

Improvements in the nickel anode material 
have Kept pace with improvements in t!m bath 
and in the operating procedure. Nickel con- 
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taining up to 10 percent of impurities was 
acceptobie as an anode material in the early 
baths. The development of the Watts bath, 
containing chlorides, permitted the use of the 
00-percent, chill-cast nickel anode, and later, 
of the 09-percent, roiled anode that contained 
small amounts of nickel oxide for depolarizing 
purposes. A later development, for particular 
applications, was the cast or rolled carbon- 
sificon-nickel anode, which under some condi- 
tions forms an adherent, porous, carbon-silica 
film that acts as a bag. Anodes cut from elec- 
trolytic nickel sheet have been used to a limited 
extent, and several patents have been issued 
for introducing sulfur into nickel anodes to 
promote corrosion of the anodes. 

^veral special baths are cited by Gray 
In addition, references to the use of 
sulfamate C42fia]|, fiuoborate [426,427], and 
pyrophosphate [428J baths, and to the electro- 
deposition of nickel from molten salt baths 
[420] have been noW. The brightening action 
of cadmium salts has long been known, and a 
great number of organic addition agents have 
been proposed and used to control the surface 
appearance (brightness) of the deposit, and 
sometimes for other reasons [336,430,431]. A 
black nickel deposit, containing nickel sulfide, 
can be obtained [432]. Indira et al. [433] de- 
scribed a solution for black nickel plating and 
showed that a high sulfur content was a pre- 
requisite for achievement of jet-black coatings. 
Wesley and Knapp [434] patented a method of 
black nickel plating. McCarthy [436] described 
the production of various colors on several 
basis metals using a black nickel plating elec- 
trolyte. Wesley [436] reported the production 
of malleable sheets up to 6 mm thick of nickel 
that contained only 34 ppm of detectible im- 
purities, by electrodeposition from a purified 
nickel chlorido-boric acid solution, using irid- 
ium-platinum electrodes. 

Electroplating on aluminum requires special 
treatment because of interference by the sur- 
face oxide film, but procedures have been de- 
veloped for plating nickel directly on alumi- 
num [437,438,439,440,441,442,443,444]. Like- 
wise, sp<M!ial treatments have been develoved 
. so that nickel can be plated on beryllium [445], 


on magnesium [446,447], on molybdenum 
;448,449], on titanium [460], on uranium 
!461], on zinc [462], and on zirconium [463]. 
'Numerous processes have been develops for 
the plating of nickel alloys. A review of recent 
developments in nickel plating was written by 
Casteirt464]. 

Examples of industrial nickel-plating baths 
and operating conditions are shown in table 
27, without reference to brightening agents 
and other possible additions. In many fedus- 
trial operations, the nickel plating may foe 
applied over an undercoat of copper and may 
be followed by a final thin coating of chro- 
mium. Recommended practice for the prepa- 
ration of nickel for electroplating with nickel 
is discussed in A3TM Specification B 343-60T. 
The requirements of ASTM Bpecifications for 
minimum thickness of coatings for service 
conditions of varying severity are summarized 
in table 28. More recent ASTM specifications 
are being issued; however ttiese specifications 
will adhere to the same standards. 

The physical and mechanical properties of 
electroplated nickel are aifected by the com- 
position of the bath, by all the variables in 
bath operation, and by the presence of metal- 
lic and gaseous impurities. These eifects have 
been reviewed in many articles [456,466,457, 
458] . The mechanical properties of nickel de- 
posits for engineering uses ere summarized in 
table 29. 

Tabus 28. ASTM ttandard» for nickel eoaiinge 

TbUsloisna of eoiting, in (min) 



Type D 

Type F 

Type K 

TypeQ 

On iiUwi (ABTM A 16&-61T) 

Copper plui nickel 

Nickel (if copper in uced) 

Chromium (if required) 

O.OOSO 

.mioo 

.000010 

0.0012 

.00000 

.000010 

0.00075 

.00040 

.000010 

0.00040 

.00020 

.000010 

On copper end its alloys 
(ASTM B 141-58) 

Nickel 

Chromium (it required) 


.00050 

.UOWIO 

.00030 

.000010 

.00010 

.1)00010 

On sine and ita alloya (ASTM 
B 14S-dl) 

Copper plua nickel 

Copper 

Final nickel.^ 

Chnmuuiu (if required) 

.0020 

,00020 

.0010 

.000010 

.0012 

.00020 

.00060 

.000010 

,00076 

.00020 

.00030 

.000010 

.00050 

.00020 

.00030 

.000010 
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Tj^ue 28. Mtehankai propetHet of nkkel dtporiis for 
tnginsering vm$ \^o] 



Watta.IowpB j 

1 Cbli^fda 

Hard, 

Bulfa- 

mata, 

Type of bath 

As 

Asi* 

peftlftd 

Aa 

ptatod 

An- 

M«|ed 

pSafced 

platad 

TMfiilfl strupsth^ 
tm 

63,000 

(10,000 

100,000 

se,ooo 

K»,000 

50,000 

Eloi>*«tipn, %ia 
1 i» 

3i 

BO 

21 

49 

3 

10 

Viektni hftrdneoa 
pumbtri 

137 

as 

340 

8! 

400 

200 

IhnkwSI bardnau. 

r«B 

17 P 

OOP 

.33 P 

42 P 



If^mmond [453] noted that nickel plating 
may involve risk of hydrogen embrittlement in 
Steele of 180,000 psi or higher, but that this 
may be obviated by low-timperature baking 
after plating. Beck and Jankowsky [460] re- 
ported that hydrogen embrittlement of 4S40 
steel induced by chromium plating was sub- 
stantially reduced by an undercoat of Watts- 
type nickel. 

In addition to electroplates of nickel alone, 
baths and operating conditions have been de- 
veloped for the deposition of nickel alloys. 
Some of these are nickel-aluminum [461], 
nickel-boron [462], nickel-chromium [463], 
nickel-cobalt [464], nickel-iron [465], nickel- 
molybdenum [466 J, nickel-phosphorus [467], 
nickel-rhenium [468], nickel-tin [463], and 
nickel-r4nc [470], Some ternary alloys that 
have been plated are niekel-iron-chromium 
[471] and nickel-cobalt-copper [472]. Couch 
et al. [473] patented the production of nickel- 
aluminide coatings. 

The various processes used for plating nickel 
are described in a booklet by The International 
Nickel Company, Inc, [474], 

(2) Electroless plating, Brenner and Bid- 
dell [476] decrihed a process developed at the 
National Bureau of Standards in 1946 for the 
deposition of nickel from an ammoniacal solu- 
tion containing hypophosphite by chemical re- 
duction. The following year the process was 
expanded to include deposition of nickel from 
acid solutions and the deposition of cobalt from 
both alkaline and acid solutions. Reduction of 
nickel salts by hypophosphite had been long 
known as a chemical reaction, but Brenner and 
Bidden were the first to develop a controlled 
autocatalytic reaction to produce a sound, co- 
herent metallic costing that could be built up 
to appreciable thicknesses. The coatings con- 
tain up to 6 or 7 percent of phosphorus, prob- 
ably in the form of finely dispersed phosphides. 
As deposited, the coatings have a Vickers hard- 
ness number as high as 700, but heating at 
elevated temperatures reduces the hardness, 
and heating for at least 4 hr at 725 to 800 °C 
converts the plated coating into an iron-nickel 
alloy [476], The deposits are somewhat less 
magnetic, but are similar to electrodeposited 
nickel in resistance to rusting as indicated by 


the salt spray test. The electroless process has 
three advantages over electroplating; 

1. Coatings deposit with uniform thickness 
in recesses as well as on exposed surfaces. 

2. There is no buildup of coating on points 
OF edges. 

3. No electrical equipment is required. 

Electroless nickel plating can be deposited 

directly upon surfaces that catalyze the reac- 
tion, for example, on aluminum, cobalt, copper, 
gold, iron, nickel, palladium, platinum, ana sil- 
ver. A method of electroless nickel plating of 
magnesium and thorium was patented by Fuls 
and Vincent [477] and electroless nickel plat- 
ing of beryllium was described by Roberts 
[478], Titanium, zirconium, and hafnium have 
also been chemically plated with nickel [479]. 
Semiconductors, such as graphite and silicon 
carbide, may be electroless plated by touching 
the semiconductor with a piece of aluminum 
or steel to start the reaction, and noncondue- 
tors, such as glass, plastics, and ceramics, may 
be electroless plated after dipping in palladium 
solution or being otherwise treated to form an 
absorbed film of palladium or a palladium com- 
pound. However, cadmium, manganese bronze, 
lead and its alloys, and silicon cannot be elec- 
troless plated, according to Panchenko and 
Krokhina [480]. 

The compositions of various baths for elec- 
troless nickel plating and the operating proce- 
dures have been described by ICrieg [481] and 
by Aitken [482], 

Patents for the electroless deposition of 
nickel-boron [483] and nickel-vanadium [484] 
alloys have been Issued. 

The histoiy of the electroless plating process 
was reviewed by Brenner [485] , hmcLean and 
Karten [486] reported that small fuse parts 
with deep blind holes could be plated with 0,1 
mi! of nickel. Rich [487] reported that the use 
of ultrasonic vibrations from stainless steel 
transducers increased the rate of electroless 
nickel plating, Gutzeit and Landon [488] de- 
scribed operations of a large-scale, electroless, 
custom plating shop. Chinn [489] reviewed the 
subject of electroless plating and cited numer- 
ous examples of its practical use. 

(3) Electro forming. Nickel electroforming, 
accomplished by the use of electroplating proc- 
esses, is defined as the production or the repro- 
duction of articles by electrodeposition upon a 
mandrel or mold that is subsequently separated 
from the deposit. It it, ” low-cost production 
method for forming complex assemblies or in- 
tricate internal- contoured shapes which re- 
quire high dimensional accuracy and smooth 
surface finish. The process is sometimes re- 
ferred to as “cold casting.” Inasmuch as the 
eiectrodeposit that constitute, s an electroformed 
article is used as a separate structure, its me- 
chanical properties are a matter of major im- 
portance. 
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Nickel ordinarily is electroformed in a 

1 « x<x 


solutions should be maintained within a rela- 
tively narrow range of about 0,6 unit for good 
control of physical and mechanical properties, 
hut a relatively low pH of about S is preferred 
for £<nne applications, whereas a pH of 4 to 4>6 
is preferr^ for others, 


Tasob 30. CmvotUion and Operalint eondilions for two 
niacel iltelroforming batka H90\ 



Watte bath 

BuUamata bath 

Nickal aHlhia or 
•uifamau 

30 to SO os/sal 
•44 
4 to 8 
•8 

10 to 18 
•11 
4 to 6 

•6 

8.0 to 4.6 
116 to 140 “F 
86 to 60 A/ft» 

30 to 80 oa/sal 

• 80 

0.4 to O.S 
•0.8 

8 to 14 
•10 
4 to 6 

• 4 

3.6 to 4.8 
80 to 140 
30 to ISO A/lt> 


pH 





• Typies! or avorsss op«rstins eonditioii. 


The structure and properties of electro- 
formed nickel (or alloy) depend on elsctrodep- 
osition conditions as follows; kind and con- 
centration of the nickel salts, concentration of 
chloride or other anion employed for assisting 
the dissolution of anodes, pH of the solution, 
impurity concentrations, solution temperature, 
cathode current density, kind and amount of 
solution agitation, and interrelation of these 
factors. The kind and concentration of organic 
chemical agents added to the electrodeposition 
solution for avoiding pitting, reducing stress, 
or refining the grain structure frequently have 
profound effects on properties. 

Kura et al.[491], in a review of the litera- 
ture, gave the following ranges for the physi- 
cal and mechanical properties of electroformed 
nickel: 


Density 

^foduIu3 of elasticity 

Coe^dent of linear expan- 
sion near room temper- 
ature, 

Ultimate tensile strength 

Yield stren^h 

Elongation in 2 in 


0,321 to 0.337 lb/in.« 
23,000,000 to 28,000,000 
3.1 to 6.3 microinch/°F 


55.000 to 215,000 psi 

32.000 to 128,000 psi 
2 to 27 percent 


psi 


These authors noted that as a rule, an in- 
crease was observed in the tensile and yield 
strengths for electroformed nickel, and a de- 
crease in ductility was evident when the tem- 
perature for the electrodeposition bath was 
lowered. They note further that, of the various 
baths used for electroforming, stronger nickel 
with a higher yield streni^h was obtained 
with the nickel chloride and nickel sulfamate 
solution than with any other. Modern electro- 
forming solutions were discussed by Diggin 


[492] and the physical and mechanical prop- 
erties of electroformed nickel at both elevated 
and subzero temperatures were reported by 
Sample and Knapp j;493], 

E’leetroforming is particularly applicable 
to the manufacture of phonograph record 
stampers [494], printing plates [496], screens 
[496], etc. Even pressure vessels have been 
electroformed [497], 

(4) Nickel cUMine, Nickel cladding, like 
electroplating, supplies corrosion resistant, 
nickel-surfaced material that is cheaper than 
solid metal. In this process the cladding metal 
is pressure welded to one or both sides of an 
open-hearth steel slab in a rolling mill at about 
2,200 °F. If the bonding surfaces have been 
properly cleaned and protected during heat- 
ing, excellent bonding through the formation 
of an iron-nickel solid solution is accomplished 
during hot reduction to between one-eighth 
and one-sixteenth of the original thickness. 

The ratio of cladding material to the bass 
plate is usually expressed as a percentage of 
the total thickness of the plate. For example, 
ft Vs,-W plate clad JO percent on one side only 
consists of about 0,46 in of steel and 0.06 in of 
nickel; clad 10 percent on both sides, it would 
be 0,40 in of stol and 0.06 in of nickel on each 
side. When both sides are clad, the same thick- 
ness of nickel usually is applied to each side, 
but different thicknesses on the two sides may 
be developed if desired. Nickel-clad steels are 
regularly supplied with 6-, 10-, X6-, or 20-per- 
cent cladding on a 55,000-psi minimum tensile 
strength steel as base material. According to 
Theisinger and Huston [498], nickel cladding 
does not affect the mechanical propertiei of the 
clad material, as illustrated by the foBowing 
data of l4-in steel with and without 10-percent 
nickel cladding, 



Tensile 

strength 

Yield 

point 

Elonga- 
tion 
in 8 in 

Reduction 
in area 

niail 

pti 

60,600 

60,800 

pai 

40,400 

40,200 

% 

30.0 

% 

67.2 

Plato 

30.5 

69.0 



A relatively new process for metallurgically 
bonding a pore-free coating onto mild , steel 
consists of applying carbonyl nickel powder in 
slurry form directly to the surface of a moving 
strip of hot rolled steel [498a], The slurry is 
then dried and sintered to a porous nickel 
layer which is densified to a nonporous coat by 
passing between the rolls of a hot compaction 
mill. Nomina! nickel coating thicknesses on the 
order of 0.0005 to 0.0026 in have been achieved 
after cold rolling. 

Metals have also been clad with nickel by 
explosive bonding techniques. 
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Cii4di»g is not restricted to the use of nickel 
only, Steel may be clad with Moijel alloy 400, 
Inconel alloy 600, stainless steel, etc, In weld- 
iny the dad surface of a plate, a covered elec- 
trme of approximately the same composition 
as the eladding' is used, A3TM Specmcation 
AS6&-62 covers nickel and nickel-base alloy 
clad steel plate. 

(6) Sprayed and vap&r-deposited emtinga, 
Prot^tive coatings of nickel or of nickel alloys 
may be applied by metal-spray processes, 
whtch are particularly adapted for coating 
large objects of irregular shape [499], Pure 
nickel can be sprayed with eimer a wire or 
powder gun, Nickel alloys are usually sprayed 
in a powder gun because they are more readily 
available in powder form. After spraying, the 
materia! is fused to form a metallurgica! bond 
with the base material, which may be steels, 
irons, nickel and nickel alloys, copi^r and cop- 
per alloys, and refractory alloys. A self-bond- 
ing material that does not have to be fused 
after spraying is nickel aluminide, which has 
been decribed bj Sheppard [5001, Kura et a!. 
[491] summari'/,ed tke process of metal spray- 
ing of nickel and its alloys. A patent for ob- 
taining a smooth uniform coating of nickel 
by spraying with an aqueous solution was 
iisued to Carlson and Piymula [501], 
Chemical vapor deposition (CVD) is accom- 
plished by causing gaseous molecules to react 
chemically at, or near, a heated surface under 
conditions such that one, and only one, of the 
reaction products Is a solid and is deposits,^ 
on the heated surface. As the reaction con- 
tinues, atoms (or molecules) are added to the 
growing metal lattice one at a time, 3uch a 

f trocedure has been called a ’‘molecular form- 
tiff"' process. Considerable detail concerning 
the mechanism of deposition at low pressures 
and the properties of nickel coatings was given 
by Owen [602]. Nickel can also be vapor de- 
posited by electron beam jS rays, 

Nickel can be deposited by the thermal de- 
composition of nickel carbonyl, of nickel acetyl 
acetonate, or by the hydrogen reduction of 
nickel chloride. According to Owen [503], 
nickel carbonyl is used because it is highly 
volatile. The plating temperature is under 
260 °C and rates of deposition as fast as 0.030 
in/hr are achieved without diihculty, 

Tewes et ai. [504] studied four potential 
catalytic agents and found that the use of the 
hydrogen sulfide/oxygen catalytic mixture 
achieved the same plating rate at 100 °C as 
was obtained at 150 °C without a catalyst, 
The strength of vapor-deposited nickel films 
of 700 to 4360 A thickness was studied by 
P' Antonio et al.[505], who concluded that a 
significant contribution to the high strength 
of thin metal films can be attributed to the 
vapor-deposition process which, owing to its 
severe quenching efiTect, is believed to promote 


the formation of many point defects which 
inhibit the motion of dfsiocatiops, 

Kecent developments in the technique of 
nickel plating from the vapor of nickel car- 
bonyl have been reviewed by Owen [606], 
Gas plating of nickel has been used to coat 
synthetic fibers such aa nylon, rayon, glass, 
ete, [607,608,609], Theprot^tion aiforded ura- 
nium by the thermal dfecomposltion of nickel- 
carbonyl vapor was reported by Owen [510] 
to be considerably superior to electrodeposited 
coatings of the same thickness. 

According to Cummins [611], the addition 
of ammonia gas to nickel carbonyl plating gas 
results in the production of nickel-containing 
films of relatively high electrical resistance. 
These coatings are applied to the preparation 
of electrical resistance units, 

Breining [512] obtained a patent on the 
deposition of nickel-phosphorus alloys by gas 
plating, 

b. Nickel 

By varying the conditions of electrodeposi- 
tion, nickel may be deposited as a powder 
rather than as a continuous plate [513,514, 
515,516], Nickel powder has been produced 
by electrolysis of fused salts [617], grinding 
of sulfurized nickel shot, hydrogen reduction 
of nickel oxide, and in the ammonia-leach 
process for the recovery of nickel from ite 
ores [618], but the principal production of 
nickel powder for powder metallur^ uses is 
by decomposition of nickel carbonyl or by the 
ammonia-leach process, Various types of cer- 
bonyl-nlckei powders are also available [619]. 
The properties of sintered carbonyl nickel 
powder compacts were reported by Prill and 
Upthegrove [620]. 

Nickel powder may be used by it?elf to form 
all-nickel parts, or in combination with other 
metal powders to produce allojis or com- 
pounds [45,521,522,523,524]. Pure nickel strip 
can be produced from powder i'625,626,527, 
627a]. 

Carbonyl nickel powders of irregular par- 
tide shape and lo”' bulk density are used in 
the production o ’ froua nickel electrodes for 
nickel-cadmium batteries and hydro- 

gen-oxygen fuel cells employing alkaline elec- 
trolytes [528, 629, 630,530a, 6S0b] . 

Nickel powder parts are particularly valu- 
able in the field of electronics, and controlied- 
expansion and magnetic alloys formed by 
powder-metallurgy techniques have advantages 
over melted metat [631], Cathode-base mate- 
rials for the electron tube industry have been 
made by the powder rolling of nickel powder 
with controlled alloy additions to achieve 
unusual combinations of properties, such as 
electrical j^sivity and mechanical strength 
at high temperature [531a], Nickel-silver con- 
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INVESTIGATION OF IGNITION TEMPERATURES OF SOLID METALS 
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SUMMARY 
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The ignition temperature of a solid metal is related throu^ a 
thermal definition of ignition to the rate of oxidation and to the radia- 
tion and convection heat- transfer parameters. The mechanisms of oxida- 
tion are reviewed and the factors which influence ignition temperatures 
are discussed. Reasonable agreement between theoretical and experimental 
ignition temperatures is demonstrated. Experimental ignition tempera- 
tures for several metals are presented. 


INTRODUCTION 




For many years the maximum safe operating temperatures for metals 
have been determined from strength considerations. However, some metals 
have been known to ignite and burn at wliat would normally be structurally 
safe temperatures. It seems, then, that failure by ignition and burning 
may, in some cases, precede failure by structural weakening with tempera- 
ture and that tLe possibility of Ignition must be considered in the 
design of high- temperature metal apparatus. 

The advent of high-speed fll^t has brought about Increased interest 
in the problem of metal ignition. At flight speeds typical of modern 
aircraft and missiles, aerodynamic heating causes extremely high skin 
temperatures. The deinger of Ignition is increased in regions behind 
shock waves where temperatures and pressures are exceptionally hi^. 

■.■’ther fields where metal ignition is of Interest include the design of 
gas turbines, high- tempera tvire furnaces, gas-cooled nuclear reactors, 
and rocket motors. 

Obviously there au’e many factors which enter into the problem of 
ignition euid burning. The mechanisms involved axe entirely different, 
and the distinction between Ignition and burning must be kept clear. 
Ignition is brought about by the exothermal oxidation reaction between 
the solid metal and its gaseous environment. Consequently, it is 
believed that the phenomenon of ignition is quite closely related to 
the relatively slow oxidation that occurs on all metals at low tempera- 
txires ("rusting"). Burning, on the other hand, may proceed by any of 


several mechanisms. It may be a surface reaction, that is, a further 
extension of the rusting process; the burning of many metals, notably 
magnesium, is a vapor-phase reaction and occurs at some distance from 
the surface. It is conceivable that a body could ignite but not burn, 
the ignition (rise in temperature) leading simply to melting. This 
investigation is concerned primarily with the problem of ignition. How- 
ever, it is impossible to divorce completely ignition from burning, and 
so some attention iias been given to the latter phenomenon also. 

Very little information regarding the ignition of metals is avail- 
able. However, a great deal of information is known about the oxidation 
of metals. It is not unreasonable to ejqpect that the heat generated in 
the oxidation reaction prior to ignition could be calculated from oxida- 
tion data extrapolated to temperatures near ignition. Under this assump- 
tion an ignition temperature may be defined and calculated. For metals 
where the extrapolation is not made over too large a temperature differ- 
ence, reasonable agreement between calculated and e:q)erimental ignition 
temperatures can be obtained. The effect of varying the environmental 
conditions can then be studied. A great deal is known about the mechan- 
isms of oxidation, and thus a study of these mechanisms gives considerable 
insight into the ignition problem. 

The primary objective of this investigation is to study the effects 
of important environmental parameters on the ignition temperatures of 
solid metals. Considerable effort has been devoted to the study of the 
mechanisms of oxidation and to the relation of these phenomena to igni- 
tion. Thus, the investigation is primarily one of a theoretical nature, 
but a certain amount of data has been gathered to confirm and supple- 
ment the knowledge of the ignition mechanisms. Since one of the most 
inqpoi’tant applications of this research is in the high-speed flight 
problem, special attention has been given to metals of interest in air- 
craft construction. It is difficult to produce flight conditions of 
this nature in the laboratory, and therefore attention has been given 
to the manner in which flight conditions (flow velocity, gas presstire 
and teniperature, heat transfer, etc.) influence the oxidation rate and 
the ignition temperatures. 

The present investigation was carried out at Stanford University 
under the sponsorship emd with the financial assistance of the National 
Advisory Committee for Aeronautics. 

SYMBOLS 

A action constant, g/cm^-sec or g2/cm?*--sec; area, cm2 or ft2; 

constant, dimensional as defined where used 


a 


constant 
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B 

C 


D 

E 


y 

f 

h 

■K 

K 

I 

M 

m 

7n 

%e 

No 

n 

P 

Q 

q" 

R 


constant, dimensional as defined where used 

constant, dimensional as defined where used; thermal 
capacitance, cal/°K or Btu/°P 

number of activated adsorption sites, l/cm^ 

diffusion coefficient, cm^/sec; diameter, cm, ft, or in. 

activation .energy, cal/mole; constant, dimensional as 
defined where used 

Faraday's constant, 96,500 coulombs/(g equivalent) 

Faraday's constant, 23,066 cal/ volt 

dimensionless factor, defined where used 

dimensionless factor, defined where used 

heat-transfer coefficient, cal/sec-cm^-°C or Btu/hr-ft^-°F 

Planck's constant, 6.624 x 10’^'^ erg sec 

rate constant, g/(cm^-sec) or g2/(cmf*‘-sec) 

electrical conductivity of a single mode, l/ohm-cm 

Mach number 

mass of moleciile or atom, g 
factor, defined where used 
Reynolds number 

Avogadro's number, 6.023 x 10^5 per mole 

constant; molecular concentration per unit volume, 
molecules/cm^ 

pressxare, dynes/cm^, atm, or Ib/ft^ 

heat of reaction per gram of oxygen, cal/g 

heat- transfer rate per unit area, cal/sec-cm^ or Btu/hr-ft^ 

universal gas constant, 1.986 cal/mole 


ratio of volume of oxide to volume of metal 
al)8olute ten$>erature, °K or ^ 
volume, cn^ 

velocity of molecular reaction, molecules/sec 
molecular weight 

weight of oxygen reacted with metal, g 
coordinate, cm 

atomic weight of oxide, g/mole 
factor, defined where used 

rate of molecular diffusion per unit area, molecules/cm^-sec 

ratio of mass of oxide to mass of oxygen forming it 

thickness of oxide film, cm; thickness of boundary layer, 
cm or in. 

emissivity 

time, sec 

Boltzmann’s constant, I. 58 O x 10"^^ erg/°K 
free molecular path, cm 
mean free molecular i>ath, cm 

coordinate, cm 
density, g/cn^ or lh/ft5 

Stefan-Boltzmann constant, 15*77 X 10“^^ cal/cm2-sec-°K^ 

or 17*15 X 10"^^ Btu/hr-*ft^-°R^; molecular or atomic 
diameter, ;im 

transference niambers for electrical conductivity 
pyrophoricity 

linear pyrophoricity, 

ka€\Ei) 
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parabolic pyrophoricity. 


ArjQ 




8oe6poxide’'\ 

term characterizing convection heat transfer 


linear heat transfer, 

AjQ R 




parabolic heat transfer. 


^^Poxlde^ ^ 
ApQ R 


ignition temperature 

linear ignition temperature, RT^g^Ej 

parabolic Ignition temperature, RTji^g^Ep 


Subscripts ; 

0 refers to ambient (Tq denotes recovery temperature), or 

denotes heating Independent of temperature 

1 refers to oxygen in the gaseous environment, or defined where 

used 

2 refers to inert gases in the environment, or defined where used 

3 refers to oxide vapor 

00 refers to ambient or environment 

A refers to anion 

C refers to cation 

e refers to electron 

ig used to denote ignition temperature 

iso isothermal 

Z refers to linear oxidation 
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m refers to metal 

ox refers to oxidation 

oxide refers to oxide 

p refers to i>aral30lic oxidation 

s used to denote surface tenqperature 

sat saturated 


RELATION BETWEEN IGNITION TEMPERATURE AND OXIDATION RATE 
Thermal Definition of Ignition 

Before any sensible approach to the problem of solid-body ignition 
can be made, the ignition temperature must be defined. Generally, igni- 
tion is said to occur when the body temperature rises spontaneously and 
a self -propagating reaction occurs at some elevated temperature. Evi- 
dently, thermal stability is involved, and the definition of ignition 
must be obtained thro\igh energy considerations. An energy balance on an 
object of arbitreury shape results in a complex partial-differential equa- 
tion, the solution of which describes the temperature -time history of every 
point in the object. Ignition will occur when, at some point in the 
object, the temperature starts to rise rapidly, that is, when the heating 
effect of the exothernal oxidation reaction overcomes the conduction, con- ■* 
vection, and radiation cooling. A general definition of ignition, even 
in the case of simple shapes, involves the solution of the hi^ly non- 
linear energy equation and is Impractical. If the conduction terms in 
the energy equation are momentarily overlooked, an analysis can be made, 
and the ignition temperature can be es^ressed mathematically. Such an 
analysis then allows an examination of how the ignition temperature 
depends on environmental conditions. The trends thus indicated should 
be similar to those applying to more complex systems. Such a simple 
analysis is therefore of great imlue, ’but the assionptions involved must 
be remembered. 

The thermal definition of ignition introduced here is based on an 
energy balance on an oxidizing isothermal body of arbitrary shape, cooled 
by convection and radiation. If it is assumed that the heat generated in 
the reaction may be treated as a heat addition at the surface and that t 

the oxidation, convection, and radiation heat-tr&nsfer rates are uniform 
over the surface, an energy balance on the isothermal body gives 
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\ 
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vhere Qq is any heat input independent of the body temperatxire . Note 

that the rate of change of the body temperature is a function of the tem- 
perature arAd several environn\ental parameters assumed to be constants. 

Note that the same equation would apply if the convection and radiation 
heat -transfer terms were treated as heating rather than cooling terms. 

The temperature-time history of the body can be found by integration 
of equation (l). If the temper.ature tends to increase in time and the 
environmental parameters are constant, the body will eventually reach a 
"steady-state'' condition -under which the heat input due to oxidation 
(and perhaps electrical energy) is balanced by the convective and radia- 
tion cooling. For most metals, as the temperature Increases, the reac- 
tion rate increases nearly exponentially and, therefore, q^^^ is usually 
a rather rapidly increasing function of temperature. This tends to be 
offset by the increase in the convective and radiation cooling with 
increasing temperature. Under normal conditions the temperatxire will 
rise at a decreasing rate to the point at which the heat inputs are 
exactly balanced by the cooling, and the body will remain at this steady- 
state temperature indefinitely. However, if the temperature reaches a 
point at which further increase in tamperature will result in an increase 
in the oxidation heat input larger than the increase in cooling, the body 
temperature will then continue to rise at an increasing rate and no steady- 
state condition will be reached. It appears, then, that there is a maxi- 
mum steady-state temperature at which the body can exist indefinitely. 

This temperature is seen to be a function of the environmental conditions. 
If, in the course of a thermal transient, the temperature should exceed 
this limit, then the temperature would continue to rise until melting or 
full-scale combustion phenomena occurred. This maximxmi stable steady- 
state temperature will henceforth be called the ignition temperature. 

Note that ignition as defined here is not necessarily followed by burning; 
melting produced by the temperature rise due to oxidation could alter the 
oxidation characteristics sufficiently to prevent further temperature 
rise to the point of vaporization and actual combustion. 

On the basis of the foregoing arguments, the ignition temperature 
is seen to be equivalent to the temperature at which the body temperature 
begins to increase at an increasii;g rate. This may be expressed mathe- 
matically as the temperature at which dT/d0 is a minimum, as seen in 
the following sketch; 
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The ignition temperatxire can he found as a function of the environmental 
and oxidation parameters by requiring that the derivative of equation (l) 
with respect to temperature vanish. The resulting defining equation for 
the ignition temperature is 



( 2 ) 




It should be noted that, for Ignition to occur, dT/d0 must be positive 
at the ignition temperature, and the dependence of the oxidation rate on 
temperature must be positive and stronger than that of the dominating 
cooling term. It is extremely interesting that, unless the oxidation rate 
depends on ambient temperature, the ignition temperature is independent 
of ambient temperature. 


Oxidation-Rate Equations 


In general, the oxidation behavior of technically important metals 
can be classified as either lineeir or parabolic and correlated by equa- 
tions of the form 


w 


= A^e 


-Ej/RT 


f 


e = Kj6 


( 5 ) 


for linear oxidation and 






ih) 


for parabolic oxidation. In these empirical fits to observed data, w 
Is the weight of oxygen per unit of surface area that has reacted with 
the metal In time 0; K is referred to as the rate constant; E is 
referred to as the activation energy; and A is referred to as the 
action constant. The constants A and E, in general, depend on envi- 
ronmental conditions and may even be fimctions of the metal teniperature . 
The constants are obtained frcwi experimentEd. data by plotting the loga- 
rithm of K against l/T; E is first determined froa the slope of a line 
throu^ the data points, and then A Is easily calculated. Since the 
exponent E/RT Is usually relatively high (lO to 80), any small error 
in E due to fitting a strai^t line throu^ experimental points causes 
a large error in A. Even the most careful experimenters in the field 
of metal oxidation estimate the vincertalnty in their activation energies 
as ±^,000 calories in about 40,000 calories, and thus the uncertainty 
in A may be an order of magnitude. This high tmcertalnty in the 
oxidation constants limits any quantitative attempt to predict ignition 
tenperatures from experimental oxidation data. Nevertheless, by studying 
the manner in which these constants dei>end on environmental conditions, 
a great deal can be learned about how ignition temperatures depend on 
environment. Experimental values of A and E for a number of metals 
are given in table 1, These data are taken largely from reference 2. 

The rate of heat generation per unit area is obtained by differ- 
entiating equations (3) or (4) with respect to time and multiplying by 
the heat of reaction i>er gram of oxygen. This yields 






for linear oxidation and 




2Spoxide7 


^.Ep/RT 


for parabolic oxidation. 


(5) 

(6) 


The introduction of equation (5) into equation (2) allows expression 
of the ignition tenperature for linearly oxidizing metals in the following 
explicit form: 
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where 




= 




“I 


- Ji_ 

" AjQ r 


Similarly, upon substitution of equation (6) into equation (2) 
there resxzlts the following esqpression for the ignition temperature of 
parabolically oxidizing metals; 


.-VTJ . 


p = (vnp)(T;f 


( 8 ) 


where 

T* = T.„R/E„ 

P ig ' P 

M fif 

P 8oe8Poj;14g7VEp; 

1,* 2h6pQxide7 ®P 
" ApQ R 

Since equations (7) and (8) are of the same form, a single set of 
curves may be used to represent the solution of both. Figure 1 shows ^ 
the dimensionless ignition temperature T* plotted against tj with h 
as a parameter. Hereafter ti will be referred to as the pyrophoricity; 
note that materials having high pyrophoricities will have relatively low 
ignition temperatxares . Note also that the effect of an increase in the 
rate of convective heat transfer, either heating or cooling, will tend 
to give higher ignition temperatiires . This result is quite surprising 
and as yet has not been supported or repudiated by experimental data. 

It must be remembered that the oxidation-rate constants A and E may 
depend on environmental conditions, in which case the ignition tempera- 
ture is said to depend indirectly on environment. 
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MECHANISMS OF METAL OXIDATION 


In order to investigate the manner in which the ignition tempera- 
ture depends on environmental conditions, it is necessary to understand 
the mechanisms of the oxidation reaction. It is well known that the 
oxidation reaction proceeds by a series of steps, the slowest of which 
controls the overall rate of reaction. ?y comparison of the relative 
rates of occurrence of these steps it appears that only three of these 
may be slow enough to be rate controlling: namely, (l) the rate of 

transport of oxygen to the reacting siirface, (2) the rate of adsorption 
of oxygen molecules at the siarface, and (5) the rate of diffusion of 
ions in the oxide. Analysis indicates that, if the oxygen transport 
rate controls the reaction, the surface will become oxygen starved, euid 
the body will not ignite . Such a situation might occur on an aircraft 
flying at extremely high altitudes or on a body sitting in very still 
air. The oxidation of some metals, notably magnesium and magnesium 
alloys, is believed to be controlled by the rate of oxygen adsorption. 
The rate of adsorption is not influenced by ambient pressure, except 
at extremely low pressures; at low pressures the oxidation rate is 
decreased, resulting in an increase in the ignition temperature. In 
continuum flows the adsorption rate is practically independent of the 
ambient temperatiire, but in noncontinuum flows the adsorption rate may 
be very strongly influenced by the gas temperature, being accelerated 
when the ambient temperature exceeds the body temperature. At low tem- 
< peratures the oxidation of most metals is controlled by the rate of 

diffusion of ions in the oxide lattice. Generally, the oxidation rate 
is independent of ambient temperature sind only mildly dependent on the 
ambient pressure but it may either increase or decrease with increased 
pressure, depending on the particular mechanism of ion diffusion 
involved. The rate of ion diffusion varies inversely as the thickness 
of the oxide scale. Thus it is possible that the removal of the bulk 
of the oxide scale by the drag of airflow over the surface may sub- 
stantially increase the oxidation rate s\nd thus lower the ignition 
temperature . 

The mechanisms which govern the oxidation of a given metal will 
depend on the environment; for example, the rate of oxygen transport 
will certainly control the oxidation of the skin of a missile flying 
at 500,000 feet, whereas the sea- level oxidation rate will be . controlled 
by either adsorption or ion diffusion, depending on the relative rates 
of these two processes. 

• The mechanisms of oxidation, the rates of oxidation, and the influ- 

ence of environmental conditions of each are siunmarized in table 2. 
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Steps in Oxidation Reaction 

For the purposes of this discussion, a simple model of a pure metal 
Me having valence 2x+ and forming a single oxide MeOx Is used. 

This model Is shown as follows (the various steps In the reaction are 
numbered) ; 



The black dots represent oxygen molecules, and the small circles repre- 
sent molecules of Inert gas present In the gaseous environment. The 
2xe" Indicates the number of electoons transferred in the ionization 
of stolchlcmietrlc amouiits of metal and oxygen. 

The steps which occur In the oxidation reaction are numbered and 
are as follows: 

(1) Oxygen molecules are transported to the gas-oxide interface by 
forced or natural diffusion through the inert gas molecules. 

( 2 ) Oxygen molecules whose energy exceeds a certain level are 
adsorbed by the surface of the oxide. 


y 
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(5) Metal atans ionize at the metal-oxide Interface. 

ih) The electrons given up hy the metal atoms diffuse through the 
oxide lattice to the gas- oxide Interface. 

( 5 ) The oxygen molecules dissociate, and oxygen atoms are ionized 
hy the electrons. 

( 6 ) The oxygen and metal ions diffuse in the oxide lattice, meeting 
and falling into place in the crystal structure. 

Each of these steps will he discussed in detail subsequently. It 
must he rememhered that this is an extremely simple model for analysis 
and many complicating factors may enter. For exanqple, if the oxide is 
porous, the gas may attack the metal directly in places and thus two 
parallel paths for the oxidation may exist; the formation of blisters 
may inhibit the reaction; several oxides may he formed; and impurities 
or alloying elements may Influence the oxidation. These conq>licating 
factors are discussed rather thoroiighly in reference 2 . 

Of particxilar interest in the study of oxidation mechanisms is the 
ratio of the volume of the oxide to the volume of the base metal from 
which it is formed, ^oxide/'^m “ would seem that for r < 1 the 

oxide could not ccm^letely cover the metal surface, and a porous oxide 
surface would he formed. On the other hand, if r is greater than 
unity the oxide would tend to be pushed away from the svtrface, possibly 
allowing the formation of blisters. It would be expected that the porous 
oxide would be the less protective of the two types and that differences 
in the rate-controlling mechanisms may exist. Slinpllfled models for the 
two types of oxide are shown below. Note t^t the porous oxide is shown 
to have a thin layer covering the entire metal surface. 



Nonpprus 

(r > 1) 



It has been observed that metals which oxidize in the parabolic 
manner generally form aonporous oxides, that is, r > 1. Moreover, 
metals that oxidize in the linear manner form porous oxides, r < 1. 

The reasons for this difference are not well understood. It is generally 
believed that diffusion through the oxide film governs the parabolic type 
of reactions, but there is considerable difference of opinion as to the 
rate- controlling step in linear oxidation. Two vl.ewpoints that appear 
plausible are (l) that the rate of oxygen adsorption is the slowest step, 
since the film is so thin, and (2) that diffusion throuc^ a constant- 
thickness thin film at the roots of the pores controls the reaction. 


Transport of Ox^rgen to Gas-Oxide Interface 

As oxygen molecules are adsorbed by the oxide close to the gas- 
oxide interface, new molecules must be brou^t close to the oxide if 
the reaction is to be continuous. If a thermal boundary layer is formed 
over the surface, the temperature variation within several hundred mean 
free paths from the surface is essentially zero. Since nearly all the 
oxygen moleciiles which come in contact with the surface come from a 
region within a very few mean free paths of the surface, the gas which 
is transported to the s\n*face may be considered as being at the surface 
temperature, regardless of the ambient temgperature . 

If the environment, consists of pure oxygen, the rate of molecular 
interaction with the sinrface is given by kinetic theory (ref. 3) as 

= P l/ ■ ■ (9) 

d0 ^ If 2rt(R/Wi)T 

where p is the oxygen pressvire, Wj^ is the molecular wel^t of oxygen, 

and T is the sxirface temperature, ^y inserting numerical values, it 
may be shown that the rate of interaction of oxygen dw/d0 is many 
orders of magnitude larger than observed wei^t gains for oxidation of 
metals. Moreover, the rate of interaction decreases with temparature; 
this temperature effect is opposite to that exhibited by metals and 
does not lead to an ignition condition. On the basis of these arguments 
it is concluded that oxygen transport does not control the rate of oxida- 
tion of metals if the environment is pure oxygen and the pressurv^ is not 
too low. 

If the environment contains nonreacting gases such as does air, 
then, as oxygen molecules are adsorbed at the surface, other oxygen 
molecules must diffuse through the inert gases to replace them. If thy”; 
molecules are not replaced faster than they are adsorbed, the svirface 
will become starved of oxygen, 6uxd the rate of diffusion of oxygen 
molecules through the inert gas to the surface would control the rate 
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of oxidation. The rate of oxygen-molecule diffusion throue^ the inert 
gas is given hy (see ref. 3) 


ri = 



dni 

dx 


( 10 ) 


where n^^ is the oxygen concentration • and n 2 is the inert gas con- 
centration in molecules. per unit volume ^n = n-j_ + 02 ), B is the dif- 
fusion coefficient, and x is measured from the surface. The diffusion 
constant D may be calculated from kinetic theory (ref. 3) as 


D = 


2|/2rt ^02. + 


1 ^1 + Wg 

V 



(11) 


where W and a represent the molecijlar weight and diffusion cross 
section of the respective constituents. From the perfect-gas equation 
of state, 

p « nttT (12) 


From consideration of the above relationships the rate of oxygen mass 
diffusion may be written as 


dw 

de 


3mi 1 

/Wl + V 


K + °2fj 

\ W 1 W 2 . ® j 


dx 


( 15 ) 


where pj^ and p£ are the partial pressures of the oxygen and the ■ 

inert gas, respectively, in the environment. For a first approximation, 
it may be assumed that the variation in the partial pressure of oxygen 
occurs in a finite region near the surface, varying from Pj^ oo 1*^ 

environment to zero at the surface. For steady diffusion dw/d0 is 
constant, and thus the partial pressure varies linearly from the surface 
as shown by the following sketch: 



P 
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For this first approximation 


_ Pl.oo 
dx & 


w 


6 is essentially proportlonail to the boundary-layer thickness, or 
inversely proportional to for a laminar layer, (if natural con- 

vection exists, 5 will vary as the fourth root of the Grashof number.) 
The d.if fusion cross sections and. are essentially constant. 

Thus, approximately, 

^ =s Constant ^ ^ (3-5) 


This relationship shows the behavior of the rate of oxygen transport to 
the surface in a mixed-gas environment. It is seen that as the oxygen 
concentration becomes very small relative to the concentration of the 
inert gases, the rate of transport becomes very small and could con- 
ceivably be the oxidation-rate- controlling process. However, the oxida- 
tion reaction could not lead to ignition because of the very mild depend- 
ence on temperature. It therefore appears that if ignition does occur, 
the rate of oxygen transport is not the rate-controlling step. 

The possibility that metals can be oxygen starved can be investi- 
gated by order- of -magnitude calculations. As an example, the rates of 
transport in air can be compared with measured oxidation rates for iron. 
The comparison indicates that transport does not control the reaction 
rate at low temperatures but may be controlling at high temperatvires . 

For the purposes of these calculations it will be assumed that the 
thickness of the starved layer is 0.1 centimeter and that the partial 
pressure of the oxygen in the environment is 0.2 atmosphere. The dif- 
fusion coefficient for oxygen in air at 32° F is given in reference 4 

as 0.178 cm^/sec. Equation (ll) indicates that the diffusion coeffi- 
cient varies as the 3/2 power of the absolute temperature; thus, 

at 932° F, D = 0.278 cm^/sec, and at 2,192° F, D = 2.23 cm^/sec. The 
partial oxygen densities at these tenperatures are 1.10 and 

0.528 X lO"^ g/cm5, respectively. Thus, the transport rates 

g = D ^ « 0.278 X , 3.0-^ = 3.1 X lO-^g/cm^-sec 
dS dx 0.1 

at 932° F and 

« 2.2 P - J .2g g .. X 3.p _ ~^ = 1.2 X lO-^g/cm^-sec 

de 0.1 
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at 2,192^ F. Using the oxidation-rate constants of table I and assuming 
an oxide film thickness of 0.01 centimeter, the rate of oxidation of 
iron may be calculated as 


~ 55 6.6 X 10“'^g/cm^-sec 

at 952° F and as 

~ =s 1.6 X 10“**^g/cm^-sec 


at 2,192° F. It is seen that the transport rate at 952° F is several 
orders of magnitude larger than the observed oxidation rates, but at 
2,192° F the transport rate may indeed be rate controlling. It seems, 
that transport of this type may be rate controlling at hi^ tenqperatures, 
and thus a metal surface might become oxygen starved in air. Flow 
velocity would then be an extremely important parameter in the oxidation 
and ignition phenomena. 

In the foregoing discussions it was assumed that the vapor pressvtres 
of the metals and their oxides are negligible at temperatures below 
Ignition. This is generally true for most metals. However, certain 
metals and oxides, notably magnesium, molybdenum trloxlde, and tungsten 
dioxide, have extremely hl^ vapor pressures. The dependency of vapor 
pressure on temperature can usually be represented by empirical equa- 
tions of the form 


Pj = Be“^/^ (16) 


Consider first the case where the vapor pressure of the oxide is 
high and the environment contains only oxygen. For the purpose of this 
discussion it will be assumed that, since the oxide vapor is contlnvially 
being carried away by the boundary layer over the surface, the concen- 
tration of the vapor varies frcxa' saturation at the surface to zero at 
some finite distance from the surface. This distance might correspond 
to the thickness of the boundary layer over the surface. Oxygen must 
diffuse through the oxide vapor to reach the surface, and thus the 
oxygen concentration may be assumed to vary frcxa zero at the sxurface 
to its free- stream value. Under these relatively slnqple assumptions 
the oxide and oxygen concentrations would appear as shown in the fol- 
lowing sketch: 
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Under the assuniptlonB of single kinetic theory (ref. 3 ) the rate of 
mass diffusion may he written as 


dv 

de 


5“^1 


2)l2tc (cTj^ + aj) 2 p W 1 W 3 





fPl 

dx 


(17) 


Since the rate of diffusion Is constant, the partial pressure of the 
oxygen Is a linear function of x. Then assuming that the partial pres- 
sure of the vapor Is zero at x s 6 and Is saturated at x s 0, 

Si „ P3,sat /,Qx 

dx " 8 ^ 


6 will he a function of the external flow field, and if a laminar 
hoxmdary layer exists, 8 will vary approximately Inversely as the 
square root of the free-stream Reynolds number; if free convection per- 
sists, 8 will vary essentially Inversely as the fourth root of the 
Grashof number and thus will he a function of the difference between 
the temperatures of the siu-face and the environment. Thus, 


dw _ Constant 

de p„ 


(19) 


This equation shows the general behavior of the oxidation of metals 
where the rats of oxidation is controlled by the rate of diffusion of 
oxygen through oxide vapor. It is seen that oxidation of this nature 
could lead to Ignition and that the rate of oxidation could be markedly 
Increased by subjecting the body to a hl§^- velocity oxygen flow. Should 
the flow velocity become too great, the control of the oxidation reaction 
might revert to one of the slower steps in the process. On the other 
hand. If the body were placed In a quiescent environment at approximately 
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the surface tenqoerature, the rate of oxidation would become extremely 
small, and the ignition tenQ)eratiare would be raised considerably. 

The case of oxidation controlled by the diffusion of oxygen throu^ 
a metal vapor film cannot be handled sin^>ly. In general, metals of 
technical importance do not have high vapor pressures, and thus their 
oxidation rates are not controlled by such a process. 

The rate of oxygen transport has been compared with observed oxida- 
tion rates at various speeds and altitudes. For this comparison the 
treuisport rates were calculated from equation (9) using the partial 
pressure of oxygen behind a normal shock wave and the stagnation tem- 
perature | thus the transport rates are higher than if diffusion throu^ 
inert gases was considered. The results of these calculations are 
shown in figure 2 . The stagnation temperatures are shown also, and 
typical metal oxidation rates (for titanium) are added for comparison 
purposes. Note that at low altitudes the transport rates are several 
orders of magnitude larger than oxidation rates, and thus tremsport of 
this type is definitely not rate controlling under such conditions. At 
hifi^er altitudes, however, the transport rates are of the same order of 
magnltvide as sea<plevel oxidation rates, and treuisport may well be the 
rate- controlling mechanism. But the transport rate decreases with 
tenperature and thus cannot lead to ignition. 


V- 
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Adsorption of Oxygen Molecules 


When an oxygen molecule ccxnes close to the oxide surface it must 
pass over an "energy hill" if it is to be adsorbed by the surface. Only 
a small fraction of the molecules coming close to the surface have enou^ 
ener^ to pass this barrier, and thus only a small fraction, are adsorbed. 
Adsorption is believed to occur only at activated sites on the surface. 

If the pressure of the gaseous reactant is not too low the surface will 
be covered by a monomolecular layer of euisorbed molecules, and the 
adsorption is said to be kinetically of zero order. 


The rate of zero-order adsorption is given in reference 5 as 


V 


«Tg -E/RTg 


(20) 


\diere v is the number of molecules adsorbed per \mit time, is the 

number of activated adsorption sites, E Is the activation ener£^ repre- 
sentative of the minimum energy. a molecule must have to pass over the 
potential energy barrier, Tg is the surface (and gas) temperature, and 

K, and R are Boltzmann's constant, Planck's constant, and the gas 
constant, respectively. 
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The weight rate of adsorption is therefore 

M - - C 

d 0 “ No “ ^ No*«. 



( 21 ) 


where is the molecular weight of oxygen, and Nq is Avogadro's 

number. Note that the rate of adsorption is Independent of pressure 
and is invariant with time. Note also that equation ( 21 ) is of the 
form (over small temperatxire ranges) 



-Ei/RTs 


( 22 ) 


characteristic of metals oxidizing in a linear manner. ^ comparing 
the theoretical frequency factor the experimental 

constant Aj, some definite conclusions can be drawn concerning the 

possibility of adsorption as the rate-controlling mechanism for linear 
oxidation. For the purpose of this conparlson is taken as f 

times number of oxide molecviles per unit area, where f is a roughness 
factor defined by 

f _ True surface area 
” Projected area 

In the calculations for this comparison f was taken as 2 ^. 


Metal 

Oxide 

1 

Ca«TsWi/^No, 

g/cm?-sec 

g/cm^-sec 

Mg 

MgO 

932 

26.4 X 10 ^ 

1.7 X 10^ 

T 1 

TIO2 

1,652 

48.5 

400 

Ca 

CaO 

932 

18.0 

00 

0 

• 

U 

U3O8 

572 

20.5 

7 

Ce 

Ce 02 

572 

13.0 

.4 


Except for magnesium, the theoretical frequency factors are several 
orders of magnltvides larger than the observed values of Aj, and it 

does not seem possible that adsorption could be the rate-controlling 
mechanism. However, the agreement for magnesium is close enou^ to 
admit the possibility that adsorption is rate determining for magnesium; 
in fact, an f of 1.6 would give exact agreement. On the basis of the 
caaparlson in the preceding table it can be concluded that adsorption 
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Is one step that may control linesor oxidation, hut certainly not the 
only one. 

It must he remembered that Cg^ represents the number of adsorp- 
tion sites available for oxygen molecules. If the environment is a mix- 
ture of oxygen and nonreacting gases, it would seem that some sites 
would he occupied by the inert molecules. It would he expected, for 
example, that the number of oxygen adsorption sites in air would he 
approximately 21 percent of the total nvimher of sites. Thus, if adsorp- 
tion were indeed the rate- controlling step the oxidation rate would vary 
directly with the percentage of oxygen in the environment. This behavior 
might he used to help identify the rate- controlling step for linear 
oxidation. 

If the surface is only sparsely covered with adsorbed molecules, 
the reaction is said to he kinetically of first order. In this case 
the rate of adsorption is directly proportional to the oxygen concen- 
tration in the environment. It is doubtful that metal oxidations are 
first order because of the high affinity of oxygen for metals. The 
first-order reaction, which is considerably more involved than the zero- 
order adsorption, is discussed in reference Expressions similar to 
equation (20) may be derived but will not be presented here; it is felt 
that at the extremely low pressures which are required for first-order 
reactions the reaction will be limited by the rate of oxygen transport, 
and adsorption will not be rate controlling. 

The adsorption rate predicted by equation (20) is based on the 
assunption that the gas adsorbed at the surface is essentieJ-ly at the 
surface temperature. If, however, the mean free path is of the order 
of magnitude of the boundary-layer thickness, the molecules which 
approach the sxirface may have quite different energies. The higher 
energy molecules are adsorbed more easily than the colder molecules, 
and thus any temperature distribution in a thin boundary layer of this 
type may have a profound Influence on the adsorption rate. The activa- 
tion energy E represents the energy a molecule must have in order to 
be adsorbed; Tg represents the surface and mean molecular temperature. 

If the mean tenperature of gas molecules is some higher temperature T, 
then the adsorption rate will be greater by 

Fraction of molecxiles from a group at mean temperatvire T which 
^ _ have energies exceeding E 

Fraction of molecules from a group at mean temperature Tg which 

have energies exceeding E 

The fraction of molecules from a group at a given temperature which 
have energies exceeding a given value is (see ref. 3) 
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where 


fEnergy>E - 1 

0(x) = -p r e'^dx 

lr« Jo 


(23) 


It nay be shown that for large values of x. 

Thus, equation (23) is of the form 

^Energy >E = ^ ^ V“(l ‘ ^ ' ' ’) 

where = E/RT. For metals, 10 < E/RT < 50, and thus, approximately, 

^Energy >E ^ (S'*) 

Thus, 




\jl^ 


J g-E/RT 
RT 


2. .rH e-E/RTs ^T/Ts) 

\fjt i^^s 


^ iilf-(ik). 


(25) 


The rate of adsoi^ption of molecules whose mean temperature is T 

Rii-rfftoia R.+. mav +.hf»T*a'PnT»a >ip TiTtI +;+'.an a.a 


dw /c 



- -l-li 


de “ V 

i-6/iso 

^®/iso" 

T 



(26) 


This analysis may be extended to the .situation where there is a 
temperature variation near the svirface. Suppose, for example, that the 
surface is cool relative to its environment and that a boundazy layer 
of sorts is formed over the surface. The variation of mean molecular 
temperature away from the surface mlc^t be s6me\diat as shown in the 
following sketch: 
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The mean temperature of the molecules in a region between | and | + dg 
away from the surface is represented by T(|). Because of the distri- 
bution of molecular free paths, most of the molecules which are adsorbed 
at the surface come from regions quite close to the surface. The prob- 
ability that any given adsorbed molecule came from the region d| is 
(ref. 3) 


P(|) = i dS (2T) 

where is the mean free path. The rate of adsorption of molecules 

from the Interval d| is therefore 



If it is assumed that the temperature distribution does not appreciably 
influence the total rate of adsorption of molecules ffom all dis- 

tances is 



% 
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where 


7n 




Tp 


m 




(30) 


The factor represents the Increase in adsorption rate due to the 
temperature variation away from the surface. 

To illustrate the Influence of ambient temperature on adsorption 
rates, equation ( 50 ) has been integrated for a linear temperature varia- 
tion. The results eire shown in figure 5* The a = 0 situation cor- 
responds to a free molecule flow, and the a = » situation represents 
a thick boundary layer or continuum flow. Note that the ambient tempera- 
ture can have an appreciable influence in noncontinuum flows, with high 
temperatures increasing adsorption rates by several orders of magnitude. 

Another manner in which high ambient temperatures can influence the 
rate of adsorption is throu^ dissociation. If the gas surrounding the 
surface consists of atans rather than molecules, the mean free path is 
longer and more higher energy atoms (which originate far from the surface) 
reach the surface. This effect is compounded by the relative ease with 
which atoms (compared with molecules) are adsorbed. The result may be 
a rather substantial increase in the adsorption rate. 


Ionization of Oxygen Molecules and Metal Atoms 

Very little can be said about the rates of ionization. It is gen- 
erally believed that ionization rates are much faster than rates of 
diffusion even through extremely thin films. It would seem that the 
rates of ionization would not depend upon the thickness of the oxide 
film and thus would be invariant with time. This means that ionization 
could not be the rate- controlling step in oxidation that occurs in a 
time-dependent manner (parabolic oxidation), which indicates that 
ionization rates are faster than diffusion rates with the possible 
exception of extremely thin films. Some experiments with ionized gas 
have been made, and no increase in the reaction rate was observed. 
Although it cannot be definitely said that ionization rates do not con- 
trol the lineeir-type oxidations, it is believed that this is true. 


Diffusion of Ions and Electrons 

The rate of ion diffusion in oxides has been related to the elec- 
trical conductivity by Wagner in reference 6. Electrical charge csui 
be transferred by transfer of ions or electrons which move through the 
oxide lattice. Most of the metal oxides and nitrides exhibit electronic, 
as well as ionic, conductivity and are generally classed as semiconductors. 
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The transference numbers of the cations, anions, and electrons are defined 
by 


Za 

~ Ia + Iq ^e 

Tp = - - 

C Za + + ^e 

T 

® Za + Zc + Ze 


where Zq, Za, and Zg represent portions of the conductivity, or the 
respective mobilities, of the cation, anion, and electron. 

Thus ta, Tq, and Tg represent the fractions of the electrical 
conduction due to transfer of cations, anions, suid electrons. 

If an excess of metal ions (cations) exists, two conduction mechan- 
isms are possible, and they are referred to as "metal excess semi- 
conduction" and "anion deficit semiconduction." In metal excess semi- 
conductors, metal ions tind electrons appear interstitially in the lattice, 
and conduction occurs by migration of cations and electrons. Thus the 
transference number ta is negligible; tq is also small, but is of 

importance. In the anion deficit semiconductor, anions are missing from 
their respective lattice sites, and electrons are distributed inter- 
stitially. Conduction occurs by migration of anions between the defects 
and electrons in the lattice. Thus Tq is negligible, and ta is 

small but important. Experimentally it is found that the conductivity 
of both of these two types of metal excess semiconductors decreases with 
increased pressure of the negative component (i.e., oxygen). For the 
first type this is believed to be caused by increased migration of the 
interstitial cations to new lattice sites at the edge of the crystal, 
which causes an itDpoverisbment of the interstitial electrons. For the 
anion deficit semiconductor, an Increase in pressure of the negative 
component causes some of the defects to be filled, reducing the con- 
ductivity. Models of these two types of semiconductors are shown as 
follows : 
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Metal Excess Semiconductor 



If an excess of anions (oxygen ions) exists, two conduction mechan- 
isms are possihle, and they are referred to as metal deficit semiconduction 
and anion excess semiconduction. In meteQ. deficit semiconductors, the 
cation lattice contains some vacant sites, and electric neutrality is 
established by the formation of cations of higher valence (termed elec- 
tron defect) . Conduction occurs by electron exchange between cations of 
different valence and cation migration in the vacant lattice sites. Thus, 
Tp^ is negligible, and Tq Is small but important. In anion excess semi- 
conductors, anions are distributed interstitieily, and electric neutrality 
is maintained by electron defect. Conduction occurs by Interchange of 
electrons between the cations of different valence and anion migration 
in the Interstitial spaces. !thus is negligible, and is small 

but important. It is experimentally found that the conductivity of both 
of these two types of anion excess semiconductors increases with Increased 
pressure of the negative element (oxygen). For the first type this is 
said to be due to cation migration to the surface of the crystal leaving 
more vacant lattice sites and causing more electron defects. For the 
second type this covild be attributed to an increase in the number of 
inter stitleil anions, which in turn causes more electron defects. Models 
for these two types of semiconductors are shown as follows; 
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Wagner, reference 6, has derived an e.^ression for the rate of 
oxidation in terms of the specific electrical conductivity of the film, 
the transference nmhers of the anions, cations, and electrons, £uid the 
free energy decrease of the oxidation reaction. All these quantities 
can he measured independently, and thus his analysis can be and has been 
verified e:q)erimentally . It is assumed in the analysis that the trans- 
port of both ions and electrons through em oxidation layer is fundamentally 
the same as current flow in a cell. The film provides both the electro- 
lyte by virtue of ionic transport and the external circuit because of 
electronic conduction. The electronotlve force of the cell is assumed 
to be the decrease in free energy of the reaction. Wagner's analysis 
leads to 


i (31) 


Note that this equation has the form, over limited teoqperature ranges. 


dw _ Constant g-Constant/RT 
d0 w 


(32) 


which in turn leads to an equation of the form 

w 2 = Constant e-Constant/llTe , 15^9 (33) 


which is found experimentally to be characteristic of the oxidation of 
many metals. 
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It 1b Been, from thlB analyBlB that the dependence of the oxidation 
rate on preBsvure may he either positive or negative, depending on the 
semiconduction characteristics of the oxide film. For most metals, this 
dependence Is extremely silent, at least where diffusion Is known to he 
rate controlling. The oxidation rate of copper, for example, varies 
about as the 1/7 power of the oxygen pressure; the oxidation of zinc 
varies about as the -1/6 power of pressure. 

Vfhen dn oxygen molecule strikes the surface. It assumes an energy 
level essentially equivalent' to the stirface temperature. Ionization and 
diffusion will then occur at exactly the same rate as if the mean molec- 
ul.ar temperature In the gaseous environment were equal to the surface 
temperature. If dissociation occurs, atcans striking the surface will, 
also assume the surface temperature, and*' since, in general, atoms are 
ionized easier than molecules, it mie^t he suspected that the rates of 
ionization will he faster with dissociation. This is of no consequence 
since ionization is not important as a rate-controlling step. Thus it 
appears that the ambient tenperature does not inflxience oxidation where 
diffusion is the rate-controlling step. 

For most metals of technical importance the rate of ion diffusion 
varies only slightly with pressure. Figure 4 shows the order of magni- 
tude of the influence of flight conditions on diffusion rates for metals 
where the diffusion rate varies as the ±1/7 power of (stagnation) pres- 
sure. Note that the influence of pressure is relatively small, espe- 
cially at Mach numbers which would he practical at any altitude. The 
influence of pressure on the ignition tenperature will he slight, with 
low pressures giving higher ignition tenperatures for metals whose oxides 
are metal deficit semiconductors and lower ignition tenperatures for 
metal excess semiconductors. The mechanism of ion diffusion in the oxide 
is therefore of importance in determining how ignition tenperatures 
(diffusion controlled) vary with fli^t conditions. 

If the flow over the starface causes the oxide to he blown away, the 
oxidation will proceed at essentially a constant rate (at any tenperature) . 
The partial removal of oxide may increase the rate of diffusion to the 
point where some other mechanism becomes rate controlling, and thus oxida- 
tion data obtained in still air would not apply. This is one of the more 
important considerations regarding ignition in fll^pit and needs to he 
studied more carefully. 


EXPERIMENTAL RESULTS 


The objectives of the eaqperimental part of this investigation were 
to obtain ignition tenperatures for a number of technically inportant 
metals and alloys and to support the postulated ignition theory. 
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Ignition tengperatures for a number of metals are presented In 
table 3 . In general, it was observed that the Ignition temperatures 
were relatively Independent of the oxygen concentration In the environ- 
ment j this observation J.s In agreement with the theories for oxidation 
controlled by adsorption or diffusion. The Ignition temperatures were 
not appreciably Influenced by hlgh-veloclty airflow over the oxidizing 
surface; this Indicates either that the airflow was not able to blow 
away the oxide scale to any appreciable extent or that the removal had 
little effect on the Ignition temperature. The hl^- velocity airflow 
should tend to give higher convection coefficients, which should. In 
turn, lead to higher Ignition temperatures according to the theory. 
However, the Increase In the Ignition tenperatures predicted by the 
theory Is only of the order of 20° to 50° F, and thus It Is difficult to 
determine If there were such an Increase. The hlgh-veloclty tests 
therefore neither confirm nor contradict the effect of convection pre- 
dicted by the theory. The shape of the body seemed to be unimportant, 
at least In the range of conditions obtainable. Thus, the use of an 
isothermal body as a basis for analysis may not be too bad, except 
under more extreme circumstances. 

In general, the experimental observations and the theory of Ignition 
are in reasonable agreement, and the behavior of actual Ignition tenpera- 
tures with environmental conditions Is predicted quite adequately by 
the theory. 


Apparatus and Procedures 

The experimental part of this Investigation consisted of three 
phases. In tho first phase several metals were heated electrically In 
a specially constructed container In idilch controlled environments 
could be maintained. The temrperature of the sanples was raised until 
Ignition or melting occurred, and the failure temperature was measured 
with an optical pyrometer. In the second phase metals were heated 
electrically in. a jet of air at a Mach number of 1.25, and failure tem- 
peratures were observed qptlcally. In the third phase calcium models 
of various shapes were placed In a hot alrstream, and Ignition tenpera- 
tures were measured with thermocouple circuits. 

The presstare tank and control console used In the first phase are 
shown In figures 5 euid 6. The models were strips or wires of various 
dimensions and were abraded prior to testing to remove all oxide scale. 
Air or oxygen pressures of \q> to 8 atmospheres could be maintained In 
the tank. A quartz wlndovr and mirror train allowed observation with 
the optical pyrometer. The tenperature at which the model temperature 
started to .Increase rapidly was recorded as the Ignition tenperature; 
in some cases the models simply melted, and the observed melting point 
was recorded. The observed tenperatiires were corrected for adsorption 


by the window and nsirror train but were not corrected for the fact that 
the target was not a true black body. ‘Ihe tengjeratures reported are 
therefore "brigditness" teE^jeratures and are lower than the true teingpera- 
tures. In each case the uncertainty in temperature was estimated and 
recorded. 

The free-jet wind-tunnel installation used in the second phase is 
shown in figure 7* The discharge area is O.76O square inch, and stagna- 
tion temperatures up to l80° F may be obtained. A typical model is shown 
suspended between the electrodes. The technique for measuring the igni- 
tion tenqperatures was the same as that used in the pressure tank, except 
that no correction for a mirror train was required. 

The high-teim)erattire-air supply used in the third phase is shown, 
in figure 8. Air was heated electrically by a series of Nlchrome screens, 
and temperatures ?;p to 1,850° F at 100 ft/sec could be obtained. The 
discharge area wste 1 square inch. The models were calcium cones of 
various shapes with iron-constantan thermocouples mounted in the tips. 
Immediately prior to testing, the iriodels were abraded to remove the 
oxide scale, and the points were sliarpened. The air temperature was 
then increased slowly, and the model tenqcterature recorded on a fast 
response mllll voltmeter. Vlhen ignition occurred the model temperature 
rose rapidly, and the ignition tenperature was well defined by a sharp 
break in the tengperatvire-time curve. 


Test Results 

The experiments in the pressvire tank were performed to determine 
the effect of the environmental pressure on the Ignition temperature. 

In no case was any appreciable effect observed, and this is in agree- 
ment with the mechanisms and thermal definition of ignition. The 
observed melting points are in agreement with the well-known values. 
There is somei scatter in the data, and this may be due to time depend- 
encies of the oxidation rate, althouf^ effort was made to have the 
warmup time of all models the same. Models of various thicknesses were 
tested, and no effect of thickness was observed. Since the rate of 
burning after ignition was considerably greater with oxygen than with 
air, the ignition temperature was better defined with oxygen, and thus 
the data obtained using oxygen are probably more accurate. No appre- 
ciable difference between the ignition tenqoeratures in air and oxygen 
was observed, which indicates that diffusion in the oxide controlled 
the reaction. 

The experiments in the supersonic ,jet were performed to study the 
effect of flow velocity. It was expected that the thickness of the 
oxide film might be reduced by the flow, thus lowering the ignition 
temperature. No appreciable effect of the Jet was observed. 
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Unfortianately, the convection conductances were not high enough so that 
the effect of convection heat transfer predicted by the analysis co\ild 
be checked. 

The ejcperlments in the hot alrstresm were performed to study the 
effect of shape. Calcium weis chosen as the test metal because It has 
GUI ignition temperature in the range of the tenqperatures producible in 
the Jet, because it is known, to oxidize in a time-independent manner, 

Gind because it has reasonably/ good strength characteristics In the range 
of ignition. Magnesium was tried at first, but the models sagged before 
ignition and thus were useless for a study of the shape effect. Cones 
having included angles of from 20° to l80° and base diameters of 
3/8 inch were tested at approximately 85 ft/sec, cmd no appreciable 
effect of shape was observed. Ignition was seen to occur first at the 
veiy tip of the models and then to propagate to the afterbody. In a 
few seconds the entire model was consumed. The possibility of a shape 
effect cannot be ruled out entirely, because it is probable that the 
shape effect will be more pronounced at more rapid heating rates. 

Table 5 presents a summEO'y of ignition temperatures of solid metals 
obtained under static conditions. The data of a number of other investi- 
gators are included. The results of the pressure tank and supersonic 
wind-tunnel tests of this investigation are presented in tables k to 23 
and in figures 9 to 17- The results of the shape-effect e^qperlments 
are presented in table 2k. 


CompGirison of Predicted and Experimental 
Ignition Temperatures 

The experimental ignition temperatures for a number of metals axe 
compared with the ignitlw terapei-atvires predicted by the thennal defi- 
nition of ignition in figure I8. In this comparison the oxidation data 
of table 1 suid the heats of formation of table 25 were used. In addi- 
. tion, the compGirison is made for several magnesium alloys . The oxidation 
data for these comparisons for magnesium were taken from reference 7 
and the ignition-temperature data were taken from reference 8, and both 
are svumnarized in table 26. 

In figure I8 the experimental data are compeu^ed with the curve for 
h* = 0; this is reasonable for a qualitative coiparison, since the 
ignition temperatures were all measiured in quiescent environments. It 
must be remembered that the uncertainty in the oxidation rate constants 
is extremely high and thus the ccmiparison cannot be too quantitative. 

It is felt that the agreement of the data with the theoretical ignition 
temperatures is satisfactory, and thus the postulate of a direct relation 
between oxidation and ignition, and all consequences thereof, is correct. 


CONCLUDING REMARKS 


A simplified definition of ignition has been developed from an energy 
balance on an Isothermal body. The conclusions regarding the effects of 
environmental factors on the ignition temperature are thus restricted to 
situations where Internal temperature ^?£idients are relatively small^ bixt 
more drastic shapes may well produce substantial departures tram, the pre- 
dicted behavior. The slngsle analysis, and consideration of the oxidation 
mechanisms, Indicate that the ignition temperature is essentlailly inde- 
pendent of ambient ten^erature and pressure, except Insofar as these 
items Influence convective heat transfer. The dependence of the ignition 
temperature on convection and radiation heat-transfer rate predicted by 
the analysis is extremely interesting. It is found that the ignition 
temperature depends only on the magnitude of these transfers and not 
upon their direction, with higher heating or cooling rates giving higher 
ignition tenQ)eratures . No data are available either to substantiate or 
to repudiate this result. Under certain circumstances the ignition tem- 
peratvure depends on the thickness of the oxide scale covering the surface, 
and thus any factors which might tend tc^^yeduce the scale thickness are 
Inqportant. The available data are in reasonably good agreement with the 
postu};ited mechanisms and the thermal definition of ignition. 


Stanford University, 

Stanford, Calif., June 15 , 1957 * 
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TABLE 1 

OXIDATION DATA FOR METALS 


Metal 

Primary 

oxide 

Gas 

Pres- 

sure, 

mm. 

Hg 

Temperature 

range. 

Op 

Ap, 

g2/cm4-sec 

g/cm^-sec 

Ep or Ej, 
cal/mole 

Be 

BeO 

O2 

100 

840 to 970 

0.22 


62,000 


BeO 

O2 

76 

350 to 700 

1.8 X io-i2 


8,500 


BeO 

O2 

76 

750 to 950 

3.5 X 10-5 


50,300 

Mg 

MgO 

O2 

760 

475 to 575 


1.7 X 10° 

50,500 

Ca 

CaO 

O2 

760 

600 


.2 

19,600 

Th 

Th02 

O2 

450 

250 to 350 

.073 


31,000 


Th02 

O2 

210 

350 to 450 


,078 

22,000 


ThOg 

O2 

210 

450 


10.9 

25,600 

T1 

Rutile 

O2 

76 

400 to 600 

2.0 X 10-5 


29,300 


Rutile 

O2 

760 

650 to 830 


400 

40,000 


Rutile 

O2 

760 

830 to 950 


5 

47,000 

Zr 

Zr02 

°2 

76 

200 to 425 

2.9 X 10“T 


18,200 


Zr02 

O2 

74 

600 to 920 

2.4 X 10-5 


32,000 

V 

V2O5 

O2 

76 

400 to 600 

1.3 X 10-5 


30,700 

Nb 

NbO' 

02 

76 

200 to 375 

2.6 X 10-5 


27,400 

Ta 

Ta205 

O2 

76 

250 to 450 

3.5 X 10-^ 


27,400 



O2 

760 

1,250 

65 


43,700 

Cr 

Cr203 

O2 

76 

700 to 900 

51.5 


66,300 

Mo 

M0O5 

O2 

76 

350 to 450 

3.55 X 10-2 


36,500 

W 

WO5 

O2 

76 

400 to 840 

5.1 X lo5 


54,000 

Mn 

Mn^Oij. 

Air 


8 

0 

0 

+> 

0 

0 

1.95 X 10-5 


28,300 

Fe 

FeO 

Air 


500 to 1,100 



33,000 

Co 

CoO 

O2 

76 

200 to 400 

2.0 X 10-5 


23,400 



O2 

76 

300 to 600 

3.0 X 10-6 


22,200 



Air 


400 to 625 

3.0 X 10-6 


22,200 

Ni 

NIO 

Air 


625 to 1,100 

• 56 


44,100 



Air 


750 to 1,240 

3.2 X 10-2 


45,000 

Cu 

Cu20 

Air 


300 to 550 

L.5 X 10-5 


20,l40 


CuO 

Air 


550 to 900 

.266 


37,700 

A1 

AI2O3 

O2 

76 

350 to 475 

2-7.5x10“® 


22,800 

Fb 

FbO 

Air 


100 to 300 

.009 


24,200 

Ce 

Ce203, 

Air 

760 

300 


.4 

7,000 


Ce02 







U 

U3O8 



300 


7 

18,400 
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TABLE 2 

SlMttBY OF POSSIBLE OXIDATIOE-BATE-CONDROLLINO MECHANISMS 
SHOWING THE INFLUENCE OF ENVIBONMENTAI. FACTORS 


Mechanism 

Sln^llfled rate formula 

Remarks 

Transport mechanisms; 



Molecular collision 
In pure oxygen 

^ = Constant p/^ 

Will not lead to Ignition 

Oxygen diffusion through 
nonreacting gas 

= Constant 

Will not lead to Ignition; 
may dei>end somewhat on T„ 

Oxygen diffusion through 
oxide vapor 

= Conststtit ^ e“®/'® 

de P« V "e 

May depend somewhat on T„; 
known to be rate controlling 
for molybdenum 

Reaction In metal vapor 
film 


Extremely rapid reaction, but 
not common In technically 
In^ortemt metals below the 
Ignition teo^erature 

Adsorption of oxygen at 
gas- oxide Interface 

Constant 

de p„ 

Believed to be rate controlling 
for magnesium; Independent of 
flow velocity 

Ionization of oxygen and 
metal 


Not believed to be rate con- 
trolling for metals 

Diffusion mechanisms: 



Cation excess 
semiconductors 

dw Constauit /_ v -l/n..-E/RT 
de " 8 

Usually only slightly decreasing 
with oxygen pressure; Inde- 
pendent of flow velocity 
(example: ZnO) 

Anion excess 
semiconductors 

H ^ £sa|Ssat^PQ^Jl/ne-E/to 

Usually only slightly Increasing 
with oxygen pressure; Inde- 
pendent of flow velocity 
(exaog>le; CugO) 


°Below some limit the oxidation rate will be Independent of Reynolds nvmdjer; 
bolds for the laminar boundary layer. 





TABLE 3 

IGNITION TEMPERATURES OF SOLID METALS 


Metal 

Ignition temperature, 
op 

Source 

Gas 

Pressure, 

atm 

Mild steel 

2,240 to "2,330 

M 

Air,(c) 

1 to 7 

H 

2,270 to "2,350 

U) 

Air,(c) 

1 to 7 

Ta 

2,260 to " 2,340 

W 

Air,(c) 

1 to 7 

T 1 alloys: 
HC -70 

2,880 to “2,960 

W 

Air, Op 

1 to 7 

HS -70 

2,890 to “ 2,940 

{'’) 

Alr, 0 ^ 

1 to 7 

RS-llO-A 

2,860 to “2,910 

(I)) 

(d),0p 

1 to 7 

HS-llO-BX 

2,850 to “2,920 

(b) 

(d),02 

1 to 7 

Stainless steels: 
h30 

2,460 to “2,490 

(b) 

(a), Op 

1 to 7 

302 

(e) 

(b) 

Air, Op 

1 to 7 

Cu 

(e) 

(b) 

Air, Op 

1 to 7 

Hi 

(e) 

(b) 

Air, Op 

1 to 7 

N 1 alloys: 
Inconel 

(e) 

(b) 

Air, Op 

1 to 7 

Inconel X 

(e) 

(b) 

Air, Op 

1 to 7 

Be alloys: 
Berylco 10 

1,750 to 1,760 

(b) 

Air, Op 

1 to 7 

Berylco 25 

(e) 

(b) 

Air, 0 g 

1 to 7 

Mg 

1,171 

ref. 6 

°2 

1 to 10 

Mg alloys: 
■ 20 )t A 1 

956 

ref. 7 

°2 

1 

70^6 Zn 

1,004 

ref, 7 

°2 

1 

25 i« Ni 

954 

ref.. 7 

O2 

1 

2056 Sb 

1,099 

ref. 7 

O2 

1 

63 se A 1 

862 

ref. 7 

°2 

1 

Fe 

1,706 

ref. 9 

°2 

1 

Sr 

1,328 

ref. 9 

°2 

1 

Ca 

1,022 

ref. 9 

°2 

1 

Th 

932 

ref. 9 

°2 

1 

Ba 

347 

ref. 9 

Op 

1 

Mo 

• 1,400 

ref. 9 

^2 

1 

U 

608 

ref. 10 

02 

1 

Ce 

60S 

ref. 11 

°2 

1 

A 1 

(e) 

ref. 9 

®2 

1 

Zn 

(e) 

ref. 9 

Op 

1 

Pb 

(e) 

ref. 9 - 

Op 

1 

Sn 

(e) 

ref. 9 

O2 

1 

Bi 

U) 

ref. 9 

®2 

1 

LI 

(e) 

ref. 9 

°2 

1 

Cd 

(e) 

ref. 9 

O2 

1 

Na 

(e) 

ref. 9 

°2 

1 

K 

(e) 

ref. 9 

O2 

1 


^Brightness temperature. 

'’Present investigation . 

<’Not tested in oxygen, hut prohahly ignites in oxygen at about the same 
teiq)erature. v 

i^OoeB not ignite in air. 

^Helta before igniting. 
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L 


TANK TESTS WITH MILD STi 


Run 

Model 

specifications 

Gas 

Pressure, 

atm 

Ambient 

temperature 

Op 

Length, 

in. 

Diameter, 

in. 


2 

o.o 8 o 

Air 

1 

74 


2 

.080 

Air 

1 

74 


2 

o 

00 

O 

Air 

1 

74 


2 

.080 

Air 

1 

74 


2 

.080 

Air 

1 

75 


2 

.080 

Air 

2 

75 


2 

.080 

Air 

2 

75 


2 

.080 

Air 

2 

72 


2 

.080 

Air 

2 

76 

10 

2 

.080 

Air 

2 

76 

11 

2 

.080 

Air 

5 

77 

12 

2 

.080 

Air 

3 

77 

15 

2 

.080 

Air 

3 

77 

14 

2 

.080 

Air 

3 

77 

15 

2 

.080 

Air 

5 

78 

16 

2 

.080 

Air 

5 

78 

17 

2 

.080 

Air 

5 

79 

18 

2 

.080 

Air 

8 

79 

19 

2 

.080 

Air 

8 

78 

20 

2 

.080 

Air 

8 

78 


^Nominal. 
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TABLE 5 

TANK TESTS WITH TUNGSTEN 


vjj 

CD 


Rvin 

Model 

specifications 




Length, 

Diameter 


in. 

in. 

1 

2 

0.056 

2 

2 

.036 

3 

2 

.036 

k 

2 

.036 

5 

2 

.036 

6 

2 

.036 

7 

2 

.036 

8 

2 

.036 

9 

2 

.036 

10 

2 

.056 

11 

2 

.056 

12 

2 

.036 

15 

2 

.056 



Pressure, 

atm 

Ambient 

temperature, 

°F 

Humidity, 
lb H2O 
lb air 

Power at 
fail\ire, 
w 

Brightness 

ignition 

temperature. 


Air 

— 

1 

74 

0.006 

^60 

2,340 ± 20 

Air 

1 

74 

.006 


2,350 ± 20 

Air 

2 

74 

.006 


2,500 ± 20 

Air 

2 

74 

.006 

... 

2,280 ± 20 

Air 

3 

74 

.006 

--- 

2,280 ± 20 

Air 

5 

74 

.006 

--- 

2,270 ± 20 

Air 

4 

7 ^ 

.006 


2,570 ± 20 

Air 

5 

74 

.006 


2,540 ± 20 

Air 

5 

74 

.006 

— 

2,570 ± 20 

Air 

6 

74 

.006 

— 

2,280 ± 20 

Air 

6 

74 

.006 


2,540 ± 20 

Air 

7 

74 

.006 

... 

2,540 ± 20 

Air 

7 

74 

.006 

— 

2,300 ± 20 


^Nominal 






TABLE 6 

TANK TESTS WITH TANTALUM 


Run 

Model specifications 

Gas 

Pressvire, 

atm 

Ambient 

temperature. 

Op 

Humidity, 
lb HgO 

lb air 

Power at 
failure, 
w 

Brightness 

ignition 

tenqperature. 

Op 

Length, 

in. 

Width, 

in. 

Thickness, 

in. 

1 

1 

1/4 

0.02 

Air 

1 

74 

0.006 

^100 

2,300 ± 20 

2 

1 

1/4 

.02 

Air 

1 

74 

.006 



2,260 ± 20 


1 

1/4 

.02 

Air 

2 

74 

.006 

— 

2,330 ± 20 

4 

1 

1/4 

.02 

Air 

2 

74 

.006 


2,310 ± 20 

5 

1 

1/4 

.02 

Air 

5 

74 

.006 

— 

2,320 ± 20 

6 

1 

1/4 

.02 

Air 

3 

74 

.006 



2,260 ± 20 

7 

1 

1/4 

.02 

Air 

4 

74 

.006 


2,340 ± 20 

8 

1 

1/4 

.02 

Air 

4 

74 

.006 

— 

2,340 ± 20 

9 

1 

1/4 

.02 

Air 

4 

74 

.006 

— 

2,300 ± 20 

10 

1 

1/4 

.02 

Air 

4 

74 

.006 



2,310 ± 20 

11 

1 

1/4 

.02 

Air 

5 

74 

.006 

— 

2,280 ± 20 

12 

1 

1/4 

.02 

Air 

5 

74 

.006 

— 

2,300 ± 20 

15 

1 

1/4 

.02 

Air 

6 

74 

.006 

— 

2,320 ± 20 

14 

1 

1/4 

.02 

Air 

6 

74 

.006 

— 

2,280 ± 20 

15 

1 

1/^ 

.02 

Air 

7 

r*^- 

.006 



2,290 ± 20 

l6 

1 

1/4 

.02 

Air 

7 

74 

.006 

.... 

2,290 ± 20 

17 

1 

1/4 

.02 

Air 

8 

74 

.006 

.... 

2,320 ± 20 

18 

1 

1/4 

.02 

Air 

8 

74 

.006 

.... 

2,330 ± 20 


^Nominal . 
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TABLE 7 


TAMK TESTS WITH TITANIUM RC-JG 


Run 

Model specifications 

Gas 

Pressure, 

atm 

Ambient 

teit5)erature. 

Op 

Humidity, 
Ih HgO 

Power at 
failure, 
w 

Brightness 

ignition 

temperatxjre, 

°F 

Length, 

in. 

Width, 

in. 

Thickness, 

in. 

lb air 

1 

1.5 

1/8 

0.020 

O2 

1 

70 


101 

2,930 ± 30 

2 

1.5 

1/8 

.020 

O2 

1 

?o 


114 

2,880 ± 50 

3 

1.5 

1/4 

.067 

O2 

2 

70 


1,150 

2,940 ± 50 

4 

1.5 

1/8 

.067 

O2 

3 

70 


460 

2,910 ± 20 

5 

1.5 

x /8 

.040 

O2 

4 

70 


295 

2,890 ± 20 

6 

1.5 

1/8 

.040 

O2 

4 

70 


300 

2,930 ± 20 

7 

1.5 

1/4 

.067 

O2 

5 

70 


1,220 

2,930 ± 20 

8 

1.5 

1/8 

.010 

O2 

6 

70 



2,895 ± 20 

9 

1.25 

1/4 

.067 

O2 

7 

70 


840 

2,900 ± 30 

10 

1.5 

1/4 

.067 

O2 

7 

70 


940 

2,880 ± 30 

11 

1.5 

1/4 

.010 

Air 

1 

65 

0.0080 


2,910 ± 20 

12 

1.5 

1 /^ 

.010 

Air 

2 

63 

.0080 


2,900 ± 30 

13 

1.5 

1/4 

.010 

Air 

3 

63 

.0080 


2,910 ± 20 

14 

1.5 

1/4 

.010 

Air 

4 

63 

.0080 


2,890 ± 3© 

15 

1.5 

1/4 

.010 

Air 

5 

63 

.0080 


2,920 ± 2v> 

16 

1.5 

1/4 

.010 

Air 

6 

63 

.0080 


2,940 ± 20 

17 

1.5 

lA 

.010 

Air 

7 

■ 63 

.0080 


2,920 ± 20 

18 

1.5 

1/4 

.067 

He 

1 

63 



^3,010 ± 20 


®Melted. 
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TABLE 8 


WIND-TUNNEL TEST OF TITANIUM RC-70 























Power at 
failure, 
w 

Brightness 

ignition 

temperature, 

9 f 

311 

2,920 ± 20 

281 

2,940 ± 10 

507 

2,920 ± 20 

285 

2,940 ± 10 

507 

2,950 ± 20 

281 

2,890 ± 20 

298 

2,950 ± 30 

501+ 

2,970 ± 50 

298 

3,000 ± 30 

298 

3,010 ± 30 

298 

2,930 ± 50 

510 

2,960 ± 30 






























! 

Model specifications 

Mach 

number 

Run 

Length, 

in. 

Width, 

in. 

Thickness, 

in. 

H 

1.88 

0.188 

0.025 

1.25 

2 

1.88 

.188 

.025 

1.25 


Humidity 
of jet, 
Ih HgO 

Stagnation 

temperature. 

Op 

Brightness 

ignition 

ten 5 >erature. 

Ih dry air 



0.00184 

105 

2,950 ± 50 

.00184 

105 

2,940 ± 50 






















I, iiL,i»l,lil.HIWBWWi 


■P" 


• ,v-a 


TABLE 11 


TAMK TESTS WITH TITANIUM RS-llO-A 


Run 

Model 

specifications 

Gas 

Press\ire, 

atm 

Ambient 

temperature. 

Op 

Humidity, 
Ih HpO 

Power at 
failure, 

w 

Brightness 

ignition 

temperature. 

Op 

Length, 

in. 

Width, 

in. 

Thickness, 

in. 

Ih dry air 

1 

1.5 

5 /i 6 

0.025 

O2 

1 

71 


282 

2,890 ± 20 

2 

1.5 

3/16 

025 

O2 

5 

71 


500 

2,890 ± 30 

5 

1.5 

5/16 

.025 

O2 

5 

71 


331 

2,890 + 10 

4 

1.5 

5/16 

.025 

O2 

7 

71 


528 

2,910 ± 20 

5 

1.5 

3/16 

.025 

O2 

8 

71 


307 

2,860 ± 20 

6 

1.5 

5/16 

.025 

Air 

1 

73 

0.0081 

288 

»5,260 ± 100 


1.5 

3/16 

.025 

Air 

1 

73 

.0081 

260 

®3,260 ± 50 


1.5 

5/16 

.025 

Air 

3 

75 

.0081 

325 

a 5,110 ± 50 


1.5 

5/16 

.025 

He 

1 

70 


550 

® 5,040 ± 50 




TABLE 12 

WIND-TUNNEL TESTS OF TITANIUM RS-llO-A 


Model specifications 

Mach 

number 

Humidity 
of jet, 
lb ^0 

lb di*y air 

Stagnation 

temperatTire, 

Op 

Length, 

in. 

Width, 

in. 

Thickness, 

in. 

1.88 

0.188 

0.025 

1.25 

0.00184 

140 

1.88 

.188 

.025 

1.25 

.00184 

140 

1.88 

.188 

.010 

1.25 

.00184 

140 

1.88 

.188 

.010 

1.25 

.00184 

140 


Brightness 

ignition 

temperatxire, 

Op 


®2,760 ± 50 
«2,720 ± 50 
®5,040 ± 50 
^5,060 ± 50 
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Model specifications 

Mach 

number 

Humidity 
Of Jet, 
lb HgO 
lb dry air 

Stagnation 

temperature 

Op 

Length, 

in. 

ngm 

Thickness, 

in. 

1.88 

0.188 

0.025 

1.25 

0.0018 J ^ 

140 

1.88 

.188 

.025 

1.25 

.00181^ 

140 

1.88 

.188 

.025 

1.25 

.00 l 81^ 

140 

1.88 

.188 

.025 

1.26 

.00184 

140 

1.88 

.188 

.025 

1.25 

.00184 

140 

1.88 

.188 

.010 

1.25 

.00184 

140 

1.88 

.188 

.010 

1.25 

.00184 

140 

1.88 

.188 

.010 

1.^ 

.00184 

140 

1.88 

.188 

.010 

1.25 

.00184 

140 

1.88 

.188 

.010 

1.25 

.00184 

140 






















Ambient 

temperature 

Op 



Power at 
failure. 


lb dry air 



Brl^tness 

ignition 

teniperature, 

Op 

2,14.70 ± 20 
2,490 ± 20 

2,480 ± 20 
2,460 ± 20 
2,470 + 20 
2,480 ± 20 
®2,670 ± 30 
^2,680 ± 30 
^2,710 ± 30 
^2,720 ± 30 
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TABLE 16 

WIND-TUNNEL TEST OF STAINLESS STEEL 430 



Model specifications 


Humidity 
of jet, 
lb HgO 

lb dry air 

Stagnation 

Rvux 

Length, 

in. 

Width, 

in. 

Thickness, 

in. 

MaCD. 

number 

temperature. 

Op 

1 

1.88 

0.188 


mm 

0.00184 

110 

2 

1.88 

.188 


B3 

.00184 

107 


®M6del melted. 






Brlf^tness 

ignition 

temperature. 

Op 

(a) 












TABLE 17 


TANK TESTS WITH STAINLESS STEEL 502 


Model specifications 

Length, 

in. 

Width, 

in. 

Thickness, 

in. 


Pressure, 

atm 


Ambient 

temperatvire. 

Op 


Humidity, Power at 
It HoO failure. . 


lb dry air 


O.CO5O 

.0050 

.0050 

.0050 

.0050 


failvire, 

w 


temperature 


2,600 

2,550 

2,500 

2,520 

2,520 

2,510 

2,550 

2,510 

2,550 

2,540 

2,590 


®Model melted 
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TABLE 18 


TANK TESTS WITH CC3PPER 


Model 

specifications 

Length, 

in. 

Diameter, 

in. 


0.020 


.020 

1.75 

.020 

1=75 

.020 

1.75 


1.75 

.020 

1.75 

.020 

1.75 

.020 

1.75 

.020 

1.75 

.020 

1.75 

.020 

1.75 

.020 


Pressure, 

atm 


Ambient 

temperature. 

Op 


Humidity 
lb HoO 


lb dry air 


0.0086 

.0086 

.0086 

.0086 

.0086 


Power at 
failure, 
w 


27.5 

25.4 

27.5 

25.5 

27.5 

28.5 
27.3 

27.3 
28.5 
26.1 

26.3 


Brightness 

ignition 

temperature 


1,880 

1,860 

1,870 

1,865 

1,860 

1,860 

1,865 

1,880 

1,860 

1,880 

1,850 

1,830 


± 20 
± 20 
± 10 
± 10 
± 20 
± 20 
± 10 
± 20 
± 10 
± 20 
± 20 
± 15 


®Model melted 
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TABLE 20 


























TABLE 21 


TANK TESTS WITH INCONEL X 


Modal specifications 

Length, 

in. 

Width, 

in. 

Thickness, 

in. 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

3/16 
3/16 
3/16 
5/16 
3/16 
3/16 
3/16 
3/16 
5/16 
3/16 


0.025 

.025 

.025 

.025 

.025 

.025 

.025 

.025 

.025 

.025 


Pressiire, 

atm 


Ambient 

ten^ierature, 

op 


lb dry air 


0.0072 

.0072 

.0072 


Brightness 

Humidity, j Power at ignition 
failure, teaqaerature, 
V °F 



2,500 ± 30 
2,500 ± 30 
2,550 ± 30 
2 , 5^56 ± 30 
2,530 ± UO 
2,510 ± 40 
2,455 ± 50 

2,460 ± 30 
2,480 ± 30 

2,550 ± 15 


®Model melted 
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TABLE 2k 


RESULTS OF SHAPE EFFECT RUNS WITH CALCIUM CONES& 


Included 

angle, 

deg 

Base 

diameter, 

in. 

180 

5/8 

180 

5/6 

90 

3/8 

20 

3/8 

20 

5/8 

10 

5/8 

10 

5/8 

10 

5/8 

10 

5/8 


Air 

tenqperature, 

°F 


Air 

velocity, 

ft/sec 

Ignition 

temperature, 

OF 

83 

1,556 

60 

1,565 

75 

1,570 

84 

1,560 

66 

1,38D 

81 

1,545 

86 

1,520 

84 

1,500 

83 

1,555 


"99*‘Perceiit pure calcium, turned from castings 















TABLE 25 


E METALS AM) THEIR OXILES 


Metal Oxide 


BeO 

MW 

CaO 

Th(^ 

TIO^ 

Zr02 

V 2 O 5 

HbO 

Tag 05 


Metal 

melting 

point, 

°C 


1,278 

651 

842 


Oxide 

melting 

point, 

°C 


2,520 

2,800 

2,570 

2,950 

1,860 

2,715 

660 


795 
1,470 
1,580 
1,571 
1,565 
1,457 
1,810 
1,960 
1,030 
2,020 
885 
1,692 
3,00 

54 


Volume 

ratio 

Oxide 

density, 

r, 

g oxide 

Heat of formation 
( 18 ° C), 

g/cm 3 

g O2 

cal/mole of oxide 

1.68 

3.01 

1.562 

•- 66,000 

.81 

3.58 

2.52 

-145,760 

.64 

3.57 

3.44 

-151,700 

1.35 

10.03 

8.25 

-330,950 

1.73 

4.26 

2.49 

-217,000 

1.45 

5.6 

5.85 

-178,700 

3.19 

5.36 

2.27 

-437,200 

1.37 

6.27 

6.80 

•- 100,000 

2.54 

8.74 

5.52 

-500,120 

2.07 

5.2. 

5.17 

-267,390 

3.24 

4.50 

5.00 

-174,000 

5.35 

7.16 

4.80 

-19; '+00 

2.15 

4.86 

3.58 

-327, ilO 

.63 

5.7 

2.24 

- 64,040 

2.14 

5.24 

5.32 

-190,900 

2.10 

5.18 

3.62 

-265,950 

1.86 

6.0 

4.68 

-57,490 

1.65 

7.45 

4.67 

-57,380 

1.72 

6.40 

4.97 

-31,800 

1.45 

3.9 

2.12 

-339,050 

1.26 

9.53 

13.95 

-52,473 

1.16 

7.0 

6.85 

-150,000 

1.22 

7.3 

10.78 

-234,900 

2.66 

8,30 

6.58 

- 845,170 


Heat of reaction 
(18° C), 
cal/g of Qg 


*4, 

4 , 

9 , 

10 , 
6,680 
5,580 
5,560 
• 6,300 
6,270 

5,570 

3,650 

3,970 

5,130 


000 

960 

150 

600 

580 

980 

060 


3,280 

3,130 

14,550 

6,600 


•Unreliable data 
dissociates. 
























TABLE 26 


OXIDATION AND IGNITION DATA OF MAGNESIUM ALLOTS 
[Data obtain^ from references 7 and 8 ] 


Alloy metal, 
percent by 
weight 


1.7856 A 1 

3.8156 A1 

7.2556 A 1 
9.1256 A 1 
I.5U56 Zn 
3.2^ Zn 
5.8556 Ag 

3.7856 Sn 
5.8656 In 
4 . 1 ^ Cd 
3.9456 Pb 

. 4 ^ N 1 
.2356 Cu 


Aj, 

g/bn^-sec 


2.5 X 10 *^ 

3.1 X 105 

7.5 X 108 

1.1 X 10^8 

3.1 X 108 

2.7 X ICP- 

1.1 X 107 

3.5 X 10 ^ 

2.5 X io 5 

1.7 X 108 

7.5 X 108 

9.7 X 10^ 

6.6 X 105 


Ej, 

cal/mole 


74*500 

50.000 

51.500 

52.600 

31.600 

46.600 

50.500 

51.600 

42.000 

44,800 














MACH NUMBER 


Figure 2 .- Oxygen traaq^ort rate behind a nomal shock wave. 
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Figure 3*** Dependence of adsorption rate 
on temperature variation near siir- 

» 10; flSI . 

Els « Ue/iso 


face. 


Figure 4.- Effect of fli^t conditions on 
rates of diffusion through oxide filn. 
dw ^ ^/dw\ 

d0 \d6/sea level.MaO 











1 


6k 


i 


I 

i 

C 

I 


E 




Figure 7 «“ Wind-ttumel apparatus. 


L- 58- 102 a 



I 


EMKHATURE 








iS 

I ifioo 

w 


g 2/00 


2p00 










■ 




PRCttURE, ATM 


Figure 11.- Ignition teiiq^ieratures of tantalum. 
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Figure 12.- Ignition temperatures of titanium BC-70 











Figure l6.« Ignition teoperatures of atalnlees steel 4y>. 
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SWfflURY 


Based upon th« classic work of Frank Kamsnstskii, a physical modal of the 
heterogeneous ignition process of metals was developed. Ihis model is cooqpared 
with other theories of metal ignition concerned with bulk samples, quiescent piles, 
single particles and dust dispersions. The new model is based upon the concept of 
a transition temperature - the tenq>erature at tdiich the oxide layer on the metal 
becomes non-protective in the sense that a reaction rate independent of time de> 
scribes the behaviour of the system at constant temperature, the model postulates 
that the ignition ten^rature must be greater than both the transition and the 
critical tssqi>fratur«s. Zt further relates pyrophoricity to the concept of a tran- 
sition tenqperature. 

Ihe transition taiiq>erature thought to be a unique value characteristic to the 
SMtal, such as the oxide melting point, has been shown by Kuehl to be pressure 
dependent in the case of aluminum. Kuehl Vs work and the recent supporting evidence 
of baurendeau on zinc are reviewed. 

With respect to the burning mechanisms of metals, reviewed are the finite 
reaction zone model of Coffin, liquid oxide bubble .model of Fassell, collapsed 
reaction zoos model of Brzustowski and Glasman^ extension of the Brzustowski- 
Glassman model by Khipe,' the heterogeneous reaction model of Narkstein and the very 
recent, broad homogeneous reaction zone model of Sullivan. 
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m 9HIS tlBVlBir OF IGNITION AND FLAHE MOOBZ.S OF KBTAbS, the authors will use thair 
oiwn work as the central basis of discussion. The work of others will be wsll- 
referenced and discussed and various ignition theories will be reviewed extensiv*- 
ly in an ap|> 9 ndix. The early work in metal combustion at Princeton (1), (2)« (3), 

(4) will bs BiCRtioned only briefly. Various cosqpendia and general reviews (5), 

( 6 ). (7), ( 8 ) of metal combustion are readily available. 

ICailTION models'^ 

The impetus at Princeton for a study of ignition ^enosicna came about through 
certain results obtained in earlier work on combustion iidiich made use of the tech- 
nique of ohmic heating of wire sanq>les (4). (9), (10). (11)/ (12). 

While investigating the flastes produced by aluminum wires. Brxustowskl (4), (9), 
found that the ignition temperature of aluminum in oxygen-argon atmospheres was very 
close to the melting point of aluminum oxide at pressures greater than 300 torr. 

In addition, Friedman and Macek (13) had shown that the AI 9 O 3 coating mu9t melt In 
order that aluminum undergo vapor-phase combustion. later^Kuehl (14) showed that 
in general the ignition teng>erature of aluminum is very close to 2042^0. , the melt- 
ing point of the metal oxide. 

Mellor ( 10 ), ( 11 ) carried out similar experiments with anodized aluminum wires 
in carbon dioxide-oxygen atmospheres. He observed two things that were very differ- 
ent from the results of Brzustowski. First, in the carbon dioxide-argon mixtures 
at pressures below 300 torr, a cylindrical vapor-phase diffusion flame appeared be- 
fore the wire broke. On the other hand, in the oxygen-argon mixtures, the wire 
broke thereby exposing molten alumininn to the oxidizing atmosphere before a vapor- 
phase flame appeared (4), (9). Secondly, on the basis of total power required at 
ignition, it was easier to ignite anodized aluminum wires at similar pressures in 
CO^-Ar atmospheres than it was to ignite them in 02 -Ar atmospheres ( 10 ), ( 11 ). 

To explain these results it was necessary to consider the pre-ignition oxi- 
dation of the metal. In CO.-Ar mixtures, little oxidation occurs during the pre- 
ignition period while in 0,-Ar mixtures, a very thick oxide coating builds up on 
the eurfaee of the metal. ^In general, the anodized film is porous but in oxygen 
containing atmospheres, these pores are filled by the natural oxidation process 
during this preignition period (15). Thus, in this case, melting of the oxide 
occurs before ignition can take place. 

For an anodized film of AI 2 O, considered here, a thin barrier layer of oxide 
exists between the outer porous^layer and the metal substrate. Even in the case 
of a C 02 -AT atmosphere, however, it is suggested that the ignition temperature is 
still equal to the melting point of AI 2 O 3 since only the barrier layer need be 
melted to expose the molten aluminum to this oxidizing atmosphere (15). Thus, in 
summary, since little oxidation occurs before ignition in a C 02 ~Ar atmosphere and 
since the anodized coating is ^rous, ignition occurs in a cylindrical vapor-phase 
flame upon melting of the barrier lsyf{ before the wire breaks at that point when 
the anodizfcd coating completely melts . Obviously, because of the little oxide 
built up before ignition, the total powr at ignition for the anodized wire is less 
in the COji-AT mixtures than in the 02 -Ar mixtures. 

This work with aluminum and other work with magnesium ribbons (4), (9), (10), (11) 
showed primarily that the ignition of metals is strcnqlv dependent on the pre- 

J onltion surface oxidation reaction in the enviromnent of interest. Surface oxi- 
ation reactions determine vdiether or not a particular metal coating is protective 
in a certain environment in a particular temperature range. If the metal coating 
is protective, then the metaj^ sample cannot ignite. However, usually the oxide 
coating becomes nonprotective at higher temperatures and the san^le may then ignite. 

TSiis surface coating is the unique property of the metal ignition problem that 
makes it very difficult to analyze mathematically. The ignition problem has been 
well treated for the homogeneous case, but is not at all well understood in the 
case of a simple heterogeneous reaction. Here the situation becomes even more diffi- 
cult siiace one must consider the complicating factor brought about by the low tem- 
perature oxidation process common to all metals of interest. 

* This section has been extracted from the M.S.E. thesis of Laurendeau (17). The 
content is based extensively on the earlier Ph.D. thesis of Nsllor (12). 

** A more appropriate explanation for the appearance of this cylindrical vepor- 
phase flsme will be offered in a later section. 
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Ttimmt findings coupled with the well-known concepts of the homogeneous prob- 
lem led to Nellor's work on the development of both a model for the heterogeneous 
ignition of metals and subsequent experimental verification of certain trends pre- 
dicted by that model (15), (12). Later work by Laurendeau (17) further substanti- 
ated and clarified some aspects of the model primarily through an experimental de- 
termination of the ignition temperatures of many common non-toxic metals in an oxy- 
gen atmosphere . 

THE STEADY STATE MODEL OF METAL IGSITIOM - As mentioned previously, any model 
idiich attempts to describe the metal ignition process must take into consideration 
the formation of solid phase products on the surface during the pre-ignition re- 
action. Thus, metal ignition is usually much more coeq^licated than the hetero- 
geneous ignition of other simple fuel-oxidizer systems. Because of this diffi- 
culty, Mellor developed a qualitative model of metal ignition based to a large ex- 
tent on the classical thermal theories of homogeneous ignition as demonstrated 
most lucidly by Frank-Kamenetskii in his comprehensive work describing the effects 
of heat 2 uid mass transfer in chemical kinetics (16). 


As is well known, both a stationary and a non-stationary approach exists for 
the description of the homogeneous ignition phenomena. Because of the complica- 
tions involved in ahy heterogeneous process, it is best to emphasize the stationary 
approach in this case. It may be shown that the non-stationary approach can equally 
well describe the metal ignition process, but the argument is somewhat laborious 
(See Ref. 12). Therefore, since it is of interest here to only describe those as- 
pects of the model directly essential to this particular work, the steady-state 
approach will be followed in order to make the principal ideas as clear as ^ssible 
to the reader. Those interested in a detailed description of both the stationary 
and non-stationary aspects of the model along with an excellent discussion of the 
relationship between the classical thermal theories of homogeneous ignition and 
the present model may wish to consult Chapter II of Ref. 12. 

It seems important at this time to indicate the intent of the early work at 
Princeton by Mellor. He attempted to construct a qualitative model which would 
take into consideration metals of all types and sizes in all possible atmospheres. 

An investigation of other models of metal ignition (12) (see Appendix I) indicate 
l^at they are much more quantitative than the present description in that they 
attempt to calculate ignition temperatures; however, each of these models is re- 
stricted to only a very limited range of practical experimental situations. 

HETEROGENEOUS IGHITICXI WITH GAS-PHASE REACTION PRODUCTS - Before metal ig- 
nition, i.e., heterogeneous ignition with solid-phase reaction products is con- 
sidered, it is of paramount importance that a slightly simpler case be investi- 
gated, that is, the ignition of a solid fuel via reaction with a gaseous oxidizer 
involving only gaseous reaction products. An example of this might perhaps be a 
carbon particle reacting in air or oxygen (12). 

AS pointed out by Mellor (12), in the case of a heterogeneous system, where 
the exothermic reaction occurs on the surface as opposed to throughout a reaction 
volume as in a homogeneous system, the interaction is characterized by a uniform 
surface temperature T instead of a gas temperature, and all heating terns are 
expressed per unit area instead of per unit volume. Thus, in order to investigate 
the case of a spherical metal particle in a static gaseous atmosphere for which 
all the products are assumed to be in the gaseous state, a heat balance is con- 
veniently made in a thin control volume at uniform surface tenperatore T enclosing 
coily the reacting surface of the metal*. 


This heat balance is constructed by examining the rate of heat input and the 
rate of heat loss from the aforementioned thin control volume, both quantities 
being functions of the surface temperature T . Consider** first then the chemical 
energy release rate in cal/cm^ -sec. It may*be written ast 








( 5 , 


Bq (1) 


where Ih is the molar reaction rate in moles of fuel per cm^ per second and Q is 
the chemical energy release in calories per mole of fuel. 


Since a steady-state is being considered here, it is necessary that the con- 
trol surface be stationary. Therefore, in this development, reactant depletion 
is neglected. 

** In the present discussion, only chemical heat input will be considered. 
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Tbm chmical energy rclcanc is givsn by ths exprsssion; 


^ " X '^j 

reset: /W. Wq (2) 

*• <J 

wbsrs ths sobseript i indicatss raactants and ths subscript j products, whers 


^ ^4,TS " * ( Mrs “ //»„ ) 


Eg (3) 


and where 


« surface temperature, K; 

no, of moles of species k per mole of fuel; 


'P^ __ 

k * Standard heat of formation of species k at 298'^K, cal/mole of k; 

*^*k * •nthalpy of species k at T®K, cal/mole of k. 

nie molar reaction rate is given by two expressions, depending on whether the 
surface tsa^rature V is such that the reaction rate |e conteolled by kinetics or 
by diffusion of the oXidizer, At lower tca^rature, A may be given by; 


yyn 


A - ^^5 ^ ^ 

He Cg 


*q (4) 


where '?n —*2 n»i 

A * pre-exponential factor, cm “ /moles , sec; 

B s activation energy, cal/mole; 

R » universal gas constant, cal/mole, ^K; - 

C- » oxidizer concentration at tiie surface, mole of fuel/cm'*; 

n* B order of the reactimi, dimensionless, and, therefore, here the ^iBpsndence of 
^chem ^s *xpo<^Btial due to the controlling kinetic Arrhenius factor. 

At higher tespezatures, A may be given by; 


/m = 


/>'<. 0 




Bqr (5) 


idiere 

MU B diffusion Husselt number, dimensionless; 

J> B diffusivity of the oxidizer, cm^/sec; 
r B a characteristic dimension of the system, cm; , 

C B oxidizer concentration in the gas, moles of fuel/cm ; 

and, therefore, here the dependence of ^^hem ^s given predominantly by the 
diffusivity J) which varies as the 1,67 poww of temperature (18) , 


Thus, as T- is increased, t^e value of d 


: . also increases due to the vari- 
ation of Q with"T , but the form of 4eh«m given by an S-shaped curve (See 

Pig, la) which em^asizes the control™f°the cnemical heat release by the molar re- 
action rate, A. At lower temperatures A is controlled by kinetics, but as T is 
increased, diffusion of the oxidizer through the inert gas to ^e particle surface 
becomes ing>ortant and, therefore, A then is controlled by the diffusion process, 

Xn addition to diffusion, the drop in the slope of th* 4chem higher 

tsaperatures is partiality a small amount of diss^xlrion of the reaction 

products. 

Consider next the heat loss rate in cal/cm^, sec from the same control volume 
described previously. Recalling that this control volume includes only the re- 
action surface, Idien the rate of heat loss ^^.oBa written as follows: 


where 

Icond, f 
?cond,g 


^ 




sq (6) 


conductive heat loss into the fuel particle, 
conductive heat loss into the ambient static gas, 

B radiative heat loss tr- the environment, cal/cm^.eec; 


2 

cal/cm 'sec; 

cal/cm2,sec; 


Sid where each of these terms is of course a function of the surface temperature 


‘s- 


notice that in this j^uation, there is no term indicating heat loss by means 
of mass transfer of gaseods products to the environment. In this analysis, the 
gas phase products are considered to be instantaneously removed as they are pro- 
duced at temperature T and they are not allowed to participate in any heat trans- 
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f«c to th« cnvironMnt. Thif approtch ia takan not aola].y fox aiaplicity^ but in 
looking fotuard to the adaptatlM of thia nodal to tba caaa of Irotaroganaoua natal 
ignition aa cbaractarizad by tha dapoaition of a aolid-pbaaa product on tha aur- 
faea, it ia racognixad tbat aucb a product cannot participata in tha tranaport of 
haat fron tha ra acting aurfaca to ^a anvironpaant. 

By axpraaaing aach of tha abova tama axplicitly/ Eg (6) can than be writtan 
in tha following nannart 




/»»5 


» -A 


7 


whara 

k 







Eg (7) 


■ thamai conductivity of I4>a fual or oxidirar.gaa nixtvra (danotad ra- 
apactivaly by aubacript f or g)/ cal/cn.aac^^K; 

tanparatura gradient avaluatad at tha aurfaca of tha particM ^<r•r_) 


aithar into tha fual ) or into tha oxidirar (t* 

total aurfaca aniaaivity^^dinanaioplaaa; . 
Btaphan-Boltniann conatant, cal/cn^»aac» rE)’; 
affactiva radiation taa^ratura of tha anvironnant^ 




Wiimt 


''E, 


Tha ganaral fom of tha 4 i„bb curve aa obtained fron tha addition of 

tbaaa thraa haat loaa terna ia- aapictad*in pig^ lb, Eotica that at tha origin, 
ahara n ia dgual to the anbiant gaa taiopatatufa y__.u« ia agual to taro, Jh 

ordar tnat thia ba trua, it ia nacaaaary lhat tha oWralt' tapg>aratura (both internal 
and aurfaca) of tha aanpla to equal to T__w before heating bagina, if ia ta^n 

(298%), then thi8^< 


to ba roon tanparatura ’(298%), than thiSnUaconaa a par faotiy raaaonabia^vptoxina- 
tion of an actual phyaical heating proceaa. In othat worda, fot convaniance, th> 
heating of tha aaanpla ia conaiderad to taka place in a roon taaparatura anviron- 
atant in ithich the original taraparature of the aaapla ia alao 298%, Thua, if v > 
» 298%, than ia agual to aero aince only then ia 4cond,f 

Other valuaa 
ia the aasiaat to 

other valuaa of T^u,, a* will ba made clearer in a diacua^ ioh of pig, 2 at the and 
of thia section, 


of can alao be conaiderad, but it ia fait that this example 
viaulrfra; indeed the curves can guita aiapiy be extended to 


If the moat general case is considered, the and ___ curvea may be com- 

bined in the fashion depicted in Fig, ic in »hich i^na pointi^of intaraaction de- 
fining aguilibriuai conditions at the aanplo surface are obtained, The and points 
of intaraaction at the low and hi^h taaparatura regions of Pig, Ic are both stable 
aguilibrium tMparatgras with raapact to amall parturbationa of surface tan- 
paratura t alnM; 










4. 


Ta-- 


{4^)1 




and 


Eg (8) 





r-t)L 


u? u /^sTT 

^ ^ ^ Eg (9) 

Physically this maana ^at at tasparaturaa aonawhab graatatr than ^ or 
is graatar than and thus tends to dacraasa; at tagparaturai- aoeiavhit Itfa* 

^oxid *10BS ^chem ^s *0 increase, Iharafora, 

^oxid stapli taag^raturas t<Tmich the system tends to converge, 

Iha high taigperatura intersection Tx ihyaically repreaenta the flame tenpera- 
ture and is then the steady-atatc self-aOetained coihuation mode of the eystem, por 
metale, the flame temperature is limited by enthalpy considarationa to tha boiling 
point of the metal oxide, 

The low teiperature interaection ia referred to «a tixe oxidation tespera- 

tura. It physically reppeaanta ^e o?d^>Py slow, kinetically con^olled, aurfaca 
oxidation raacticn e p awo n at this low tmiperatura, Jiowevar, as can ba aeen th* 

fact that tha and 4i___ curvea are nearly tangant at true oxidation 

prpeaaa reaiiat^wly oecQri*ovar a short taaperature ranga 
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Th« center point of interecstion, denoted by T 4 ^ le called the critical tem- 
perature aiul le an unatable equilibrium aurface tempefature aineet 


(4 


Tewt" 


( % 




^ '>■ f . »I (10) 

,/Ir»'r.r;T ^ \ 5175 yXi^Tcri f- 

leaa than 7 4 ^ tend to decreaae to T „ . , alnce here 

and aurface^Cemperaturea greater thalP^_i^ tend to in- 


It la the latter 




above 


9^ Ti 

nine, aurface temperaturea 
greater than 

cfSIle to T, aince here^q?™ ia lesa than A 

eituatlona that ia ao important in thin deveXUpHlent, i.e., once the critical tempera- 
ture in reached, the ayatem tenda to higher temperaturea. Beeauae thia phenomenon 
ia ao vital to a complete underatanding of the ignition problem, the critical tem- 
perature T 4 ^ ia defined aa followai T 4 ^ ie the loweat initial aurface tempera- 
ture from «nXCh the aurface may ealf-heat^to reach tko ateady-atate combuation con- 
figuration. 


The critical temperature ia commonly called tho apontaneoua ignition tempera- 
ture in the literature. Xt ia here labeled the critical temperature in order to 
avoid confuaion with the experimental ignition temperature ahortly to be diacuaaed. 
The exlatence of thia critical temperature is the baalc cauae of the metal duat ex- 
ploalona that on occaaion occur in varioua induatrial planta. 


It ia now important to define an ignition temperature T, «diich can be eaaily 
related to the experimental Ignition temperature. For moat lyitoma, the experi- 
mental ignition temperature ia uaually taken to be that temperature at which the 
flame appeara. When the flame appeara, whether it be vapor-phaa# or aurface com- 
buation, tiiere occura almultaneoualy the moat rapid rate of change with time of 
both light intenaity and aample tempos atura*. Since temperature runaway la the moat 
obvloua phenomenon of the ignition proceaa and aince it la the eaaieat to meaaure, 
eapecially for metala which burn of ^e aurface, it la convenient to define a 
theoretical ignition temperature in terma of thia particular property of the ig- 
nition proceaa. 


Now, aince the aforementioned control volume ia aaaumad to be at a uniform 
temperature T , the time rate of 'change of the aurface temperature can be htxpreaaed 
aa a linear function of the quantity (^c},«ni~ 4 xoaa^ foilowat 


y <T H 

(Where 

/ ■ density of the fuel, g/cm ; 

S - thickneaa of the control volume ( g f^O), cm; 
c " fuel apecific heat, cal/g.°K. 


Bq (11) 


According to Eq. (11) then, the ignition temperature can be defined by that point 
at which the maximum difference between ^loaa Bow aince the ig- 

nition temperature muat be above the critical temperature, and below the flame tem- 
perature, then the ignition temperature can be repreaeated graphically aa in 


Nathematisally, the ignition temperature ia defined by looking for the maximum 
value of (4chem"^loea^ above but below T^. Therefore: 


where 




Eq (12) 


- 7^*1 i Eq (13) 

y— ~ ' 

In the courae of many experimenta with various metala, the maximum change 01 
light intensity and tcaq^rature appear to alwaya coincide. 

** i' 

In thia^ 9lraph, the internal coordinate ayatem ia Identical to rig. Ic. 
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Thus, ths full dsfinltlon of ths sxpsjrlmsntal Ignition tsRipsraturs bscomas tbs 
following I 



9Ts 


) I n=7:, 


^n't 


iT7. 



(14) 


- y 

Ths) abovs than points out the thaoratlcal diffaranca batwaan T and as 
intarpiratad on a 4 vs T diagram. At T tha magnitudes of 4eham ^la*a “• 

squall at T. , tha slopes of tha 4eham ^loaa <’vrvaa are equal? l^hyeiCSZIy, 
this distinccXon that has bean intrSoScad batwain tha Ignition tamparatura and tha 
critical or spontaneous ignition tampsratura is a vary important one, since it 
allows for ths distinct possibility of tha axistanca of an ignition delay time. 

This possibly long salf-haating time, possibly due to an oxide accumulation on the 
surface, is what must be prevented whan metal particles are used to increase the 
performance of rocket combustion chambers, for example. Thus, in these applications, 
tha ignition tamjiaratura , not the critical tamparatura, is of prime Importance in 
dealing with ignition inefficiencies. 

As Intimated above, tha Ignition delay time in metal Ignition may be of tha 
order of minutes rather than a few seconds or milliseconds as in a homogeneous 
gaseous ignition process. This large difference in ignition delay time between 
heterogeneous and homogeneous systems is essentially due to the need for oxidizer 
diffusion to, and absorption on, the fuel surface in the case of a heterogeneous 
cliemical reaction. If the rate of chemical heat input, 4chem' ° heterogeneous 
system is represented in Arrhenius form, as for a homoganeoSi system, then the com- 
puted values of Indicate the influence upon heterogeneous reaction of 

the physical prociSIcs of diffusion and absorption. The much lower value of 4nh«m 
for a heterogeneous system, as compared to that in a homogeneous systs, accounts^xor 
the large Ignition delay time for such reactions, since is a linear function 

^^cham''^looa ^ homogeneous as well as heterogeneous systems. 

Now, for both homogeneous and heterogeneous systems in the kinetic range, 
and thus the Ignition delay time is a strong function of tha kinetic frequency or" 
pre-exponential factor, if the appropriate reaction rate is expressed in Arrhenius 
form (19). on the basis of collision theory, it has been found that in general the 
more complicated the chemical reaction process, the smaller in magnitude is the 
kinetic frequency factor and thus the slower is the reaction rate (20). For homo- 
geneous bimolecular reactions, the frequency factor is on the order of lOiO to 10^4 
cmVmola-sac and for unimolecular reactions, around 10^^ to 10^7 sec~^ (19,20). For 
heterogeneous reactions, the pre-exponential factor has a value for metal systems of 
10”3 to 10“8 gmVem'*-sec for protective oxide systems and 10"^ to 10"“ gm/cm*-sec 
for non-protective oxide systems (21,22). Thus, for a complicated heterogeneous 
metal reaction, 4eham much smaller in magnitude; in addition, there is a further 
reduction of thus a longer ignition delay time for a heterogeneous re- 

action due to «l onset of the dlffuslonal control of the reaction rate at higher 
surface temperatures. 

Fig. 2 displays all of the above defined surface temperatures on a diagram 
covering the entire temperature rimga starting at 0°K. The internal coordinate sys- 
tem has its origin at 4«o, T_"T . and is the coordinate system used in Fig. 1. 
However, the extension to 0°K ll^made here in order to discuss some of the properties 
of the heterogeneous ignition system in more detail. 

At 0°K, 4eVag. to zero; this is appropriate since at lower temperature the 

molar reactior- -lice ih which is a factor in determining kinetic 

regime and as joe§ to zero, indeed the exponential tefm xn Eq. (4) approaches 
sero thereby forcing A and thus 4oham approach zero. As discussed previously 

4i-_- approaches zero as T approacnes T if the temperature of the sample before 
hl&txng (at t«0~) is also The ambient temperature is usually taken to be 

298 K since the process is 


any other value of T 


easier to visualize at room temperature. However, 

. ■ may be used, but the Initial temperature of the sample must 

also be raised to T ^ in order that 4irt.. equal to zero at T„^, Wiis may seem 
very artificial, bur^again, it is done'‘'in”this manner simply for^rae sake of clarity 
in the development of the model. 

More importantly, however, the ambient temperature is taken to be 29S°k because 
this will give the most general results in terms of the three points of intersection 
shown in Fig. Ic. in other words, by varying T„k for a fixed value of T., 4->,-_ 
stays essentially constant while 4i_.. varies a ^feat deal and thus it is*posixBle 
that only one point of intersection? either at the low temperature or high tempera- 
ture end of the scale, will appear. In this case, the sample will either never ig- 
nite or always ignite. This situation is not of general interest hsre and thus 
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T ,„h takan to be near room temperature. However, even in thia caae, if the 
inStial temperature of the aample ie kept at the appropriate T-_w for the ayatem. 
than oqu*! to aero at that particular 

In the unateady problem. 4io|. need not alwaya be equal to aero at T - ^..b* 
At any conatant value of T . once Ine heating proceaa haa begun. 4 iq.. deefeeaea"'" 
equally over the entire temperature range, due to the conduction loalla to the in- 
terior of the metal aample (12 ) . In fact, 4i n.. takes on negative valuea at T - 
T w aince now the internal energy of the aampZI tenda to heat the aurfaca becauae 
tne^interior tamparature ia greater than the aurface temperature, and therefore 
4ioaa Actually becomea a heat aource. Now, a diagram aimilar to rig. 2 can be 
grsPntd for any time t* in the heating proceaa. But for any time greater than t»0, 
4ioaa aince the entire aample haa now gained 

energy from the heating proceaa at a*highlr^aurface temperature. 


Ihia laat paragraph deaervea a little more clarification aince it impliea other 
detaila of the model aa interpreted here that are not ao obvioua. Recall that Fig. 2 
repraaenta a atrictly time-independent ayatem and, titerefora, one muat uae extreme 
caution in analysing for example the variation of aurfaca temperature with time in an 
actual phyaical heating proceaa. Thia graph then atrictly repraaenta the inatan- 
taneoua attainment of a aurface temperature T artificially put on the aurface of a 
fuel aample of original overall temperature in a gaaaoua atmoaphere of tempera- 
ture T . . Thia ia aomewhat analogoua to the^oampinq of a aample in a heat bath in 
which rne aample aurface inatantaneoualy attaina the bath temperature, except that 
here there ia another variable in that the atmoaphere haa an indagendant temperature 
Tgmb *qual to the overall temperature of the aample at time t ■ 0 . 


Now, imagine the aample in equilibrium with the oxidising atmoaphere at T 
Inatantaneoualy a higher temperature T la made to appear on the fuel aurface; X™ 
remalna there until at a later time when inatantaneoualy the original ambient tempera- 
ture T w ia put on the aurface. At thia juncture, cannot be equal to sero at 

T- - T^r aince the interior of the aample ia not at tlmparature T w. but at a higher 
temperature, which tenda to heat the aurface thua making 4io.a o negative quantity 
aince indeed thia proceaa repraaenta a heat gain . TherefoTi , all the diagrama in 
thia report ropreaent ateady-atate aituationa at time t«0'^ whan 4inaa oqual to 
sero at T, - 


Not only ia this done for better viaualisation of the actual theoretical ig- 
nition proceaa, but alao for a much more practical reaaon. The eaaential uae for 
t^eae diagrama ia to be able to predict if a fuel aample will or will not ignite. If 
it doea not ignite, it muat atabilise at T if it doea ignite, it muat reach T^. 
Although the actual values of T and T^ 4XX1 v^ry with time aomewhat (12), whatl 
ever values they represent will i^intuall? be reached in the final steady-state con- 
figuration of the fuel aample. In application, the main query is to whethar or not 
the sample will ignite witj) a given set of ini^ al conditions on the problem. There- 
fore, the determination of whether or not ignition will take place must be answered 
practically at time t - O'^, which is really the main reaaon for graphing these 
curves at thia particular value of tima. 


Looking again at tha 4t... curva in Fig. 3, it can ba saan that at T T,^^* 
4io.a bacomas an actual haat gain avan at tima tBO*^, Thia ia again trua bIcaSii at 
^ *amb' tamparatura of tha aampla ia graatar than tha aurfaca tempara- 




Also, bacausa 4 iq.. ia aqual to saro at T_^, than for thia casa in which thara 
is no solid phaaa proQuot dapoaited on tha sampZe^aurfaca, tha atabla low-tamparatura 
oxidation tamparatura T.„j^ is aomawhat highar than Although thia may aaam 

paculiar in light of practxcsl axpariancaa with matallr^titara ia a fairly simpla ax- 
planatlon that will ba diacuaaad in datall in tha following aaotion. 


HETEROGENEOUS IGNITION HITti SOLID-PRASE REACTION PRODUCTS - All of tha praceding 
has baan for tha caaa whara tha products of combustion appaar in tha gas phaaa. For 
matals, tha graataat difficsilty oomfa about through tha fact that a solid atata matal 
oxide coating appears on tha aurface of the aamplu. ^fhia rapraaanta one more level 
of difficulty in tha treatment of tha hataroganaous ignition problem. 


Again, a spherical fuel sample in a static oxidising atmosphere is conaidarad. 
The control volume includes thoaa products formed on tha reaction aurfaca. In addi- 
tion, tha product tamparatura is uniform and aqual to the surface tamparatura so thut 
the solid-phase products do not contribute to tha haat transfer charactaristics of , 
the configuration, indeed, all tha assumptions of tha previous section are maintairiad 
such that tha aquations and oonosptn davalopad there remain valid for tha casa of 
solid-phase product formation. 

It has baan wall-estebliahad in isotharmal oxidation axparimanta that, in 
general, at lew temperatures, tha presanoe of tha metal oxide film leads to tha so- 
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called protective oxidation rata lawa while at higher tanperaturea, the product 
film effera no protection ts further oxidation and the linear rate law ie obaervad 
(81f23i24)*. Vhaae rata lawa in general are of the formi 


where 

2 

X ■ maaa of oxygen conaumed par unit aurfaea area at time t, gm/cm ; 
k- ■ rata conatant, (gm/em«)n/a«c; 

K ■ oxidation law index, dimenaionleaa. 


fhf_ 
d t. 




iq (15) 


The variable x may alternatively rapreaent the maaa of metal trana formed to the oxide 
or tita thiekneaa of the oxide layer in the eaae of a uniform, plane parallel oxide 
film. However, the amount of oxygen conaumed in the oxidation proceaa per unit aur> 
face area ia moat widely applicable to metala of interaat and moat meaauramanta of 
the rate eonatant have been made in thia form ( 21 , 22 ). 

Integration of ecuation (Eg. 15) with n«2 or n«3 givea reapectively the para- 
bolic or cubic protective rate lawi 

»* 

X « a. t- t Ca, pq ( 16 ) 


X* " 3 .<43 t ♦ ^3 Eg (17) 

the logarithmic law ia another common example of a protective rate lawt 

^ ^ t C Eg (18) 

Integration of equation (15) witii n*l givea the linear rate lawt 


X « -4, t -h Eg (19) 

Xn contraat to the protective rate lawa (parabolic, cubic, logarithmic), for which 
the rate of reaction dx/dt dacreaaea with time, the rate of reaction for linear 
oxidation ia independent of time and in thua independent of the amount of gaa or 
metal previoualy conaumed in the reaction, in other worda, hare the rate of re- 
action ia independent of the amount or thiekneaa of the oxide film on the aample. 
One explanation of thia phenomenon that ia moat uaually experimentally obaervad 
(21,23) ia that the oxide film haa either become poroua or haa cracked ao that the 
metal aurface ia not protected from the oxidlaing atmoaphare. 


Xn moat oireumataneea che parabolic protective oxidation rate law appeara at 
average tamperaturear aa the temperature increaaea, the non-protactive linear rate 
law uaually appanra before ignition ocoura. Thua, at lower temparaturea, the hetero- 
geneous reaction rate ia inhibited by thia product film, while at higher temparaturea 
the reaction rate ia eaaantially independent of the product film. Now the tempera- 
ture at which thia changeover oceura la called the tranaition temperature, . 

Xt ia the lowaat temperature above >d>ich the matal-oxidixer ayatem ia controxilu by a 
linear oxidation rate law that paraiata until metal ignition occura. 


Now, aince below thia tranaition temperature the metal ia protected, the tranai- 
tion temperature muat be leaa than or equal to the ignition temperature. Xn fact, 
the tranaition temperature in the loweat poaaible ignition temperature for any matal- 
oxidiaer ayatem. Thia fact will become clearer in the next aection. 


Nellor ( 12 ) attributed the appearance of the tranaition tampernture to a phaae 
change or other changea leading to etreaa or thermal cracking of the oi^iide film or 
perhapa melting of, the oxide aa in the eaae of aluminum. Now the linear rate law 
may not only be due to the non-proteetiveneaa of the oxide layer aa intimated by the 
above mcehaniaaia, but may alao ariae from other phyaical meehaniama aueh aa a non- 
Mroua barrier layer between the metal aubatrate and a poroua outer Jxide layer ( 12 , 
23). Therefore, the tranaition teaverature only definea the appearance of a nbn- 
linear rate law which paraiata at all hither temparaturea between 

‘ign' 



fee theae came raferancae for a diacuaaion of the microacopic nachaniama behind 
thaaa lawa. 
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Zn view of the significance of the transition temperature in defining the 
effect of the soiid oxide Xayer in metals, this problem may be graphically analysed 
via an uncomplicated extension of the simpler problem of heterogeneous ignition with 
gas>phase reaction products as displayed in Fig. Ic. At lower temperatures the 
molar reaction rate ft will be reduced due to the presence of the protective product 
film. Since Ht here is in the Kinetic regime, ^tehen decrease following Sqs. (1) 
Kid ( 4 ) due to a decrease in the pre-exponentiai’^Iletor and an increase in the acti> 
v(i>tion energy. At temperatures above 4ehMi assumed to approach the value 

for a clean surface although this is noe'lclictx9*lrue in the real case since some 
oxide always adheres to the exterior of the metal. The 4i--. curve remains the same 
since the solid oxide coating has been included in the contfol volume. 


Consider now the region near the critical temperature which represents the area 
of changeover from high temperature oxidation to ignition and subsequent steady^state 
combustion. Fig. 3a depicts this region for the case of Q2. solid-phase product for- 
mation. Figs. 3b and 3c depict the ease of solid-phase product formation for the two 
possible subeasest t T 4 ._„_ T„j 4 . nmere is the original 

critical temperature fSr"fhe cllSa^o suftlel*. Kem'^these gripnf? a criterion for 
metal ignition may be proposed i 


* trans ^ ’^orit^' ®ign'*' ®crit^j' ^ 

*trans > ^erit^' *ign * ^trans* (21) 

If Tf;rans^ ^crit ' tenqperature is called critical temperature 

controlled, Whereat if ^ ^erit ‘ ^inition temperature is celled transition 

temperature controlled, ^oll metaZi o are critical temperature controlled, while 
a few metals such as aluminum and beryllium are thought to be transition temperature 
controlled. 


It is important to note here that a transition temperature controlled metal 
sample of rearonable sise cannot in general self-heat to ignition. This statement is 
supported by the fact that an impervious oxide layer covering the bare metal should 
protset the surface from producing a largo heat of reaction until T. jz Thus, 

the sample would be expected to stabilise at T for all original”? . In 

order that this occur, it is necessary that the actual critical tempefature. Si de- 
termined by the protective surface (the solid rather than the dashed curve in Fig. 3c) 
be greater then > but not leee than no that aelf-heating may not occur 

btlow In othSr worda, 4j,ogp ®«at be greater than 4cj,(inj all •s^ ^ ^trana 

and necaaaarily ^trena'^crit ®>^lda-prottct«d eurface of the bulk metal aa da- 

picted in Fig. 3c.*' 

In ordar to summarise the effects of Ttirute previously defined tempera- 

tures of interest, it is nscaasary to study Xfji'”aitail Fig. 4. Fig, 4 ia an axtanaion 
of Fig. % to tha caaa of a hatarogsnaoua reaction with a solid-phaaa oxida product. 

Tha typical dacraaaa in 4eVa,. balow for both a critical and a transition tam- 

perature controllad mstal l™ahown hart Bat with amphiisia on ibha critical tamperatura 
eontrollad aubcaaa (tha .T^ controllad aubcaaa itt represanted by tha daahad 4eheiii 
curva). For thia aubcaaa, Cnlra ia thaoretically no change in aa well Be*^no"* 

change in T,-- end from the case of a heterogeneous reaction- wx& gae-phoae re- 
action prodoeBs. - 

For both aubcaaas, tha protactiva quality of <^he low temperaturs oxide film 
Results in a significant lowaring of tha oxidation teiupsratura from to ^oxid' 

Tha original value of the oxidation tamparatura is, aa mentioned in°the previous 

ssetion, sofflswhst highsr than ths ambisnt tsnqpsraturs^TB-K. Howsvsr, dus to ths pro- 
tsetivs guali.tiss of ths oxids Isysr, ths new velue of nie oxidetion temporature 
^oxld' poetulatsd to bs vary nssr T__^, as would physically bs sxpseted for most 
miCiXs. For axampls, calcium ia known^o gat fairly warm if axposad to a room tam- 
paratura environmant, and would ba sxpactad to atabiliaa to aoma tamparatura higher 
than T ^h if the oxide coating wars continually ramovad during the oxidation rs- 
actionr^Kc?^vsr, it is also a matter of sxperience that calcium quickly davalopa 
a protactiva o9(ide coating and that aftar soma tima, tha temparsture atabilisaa close 
to Alao, aince aoma matal oxidaa, such aa Al^O,, ara more protective than 

othefl? then mstale like aluminum stabilise axtramazy closs to room tamperatura and 
thus do hava ^ T, ^^ as shown in Fig. 4. 


Ths 4chem oltan surface is represented in these figures by the 

dashed line. 
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Zn aunmcry then, • tranaition tmqparatur* has baan dafinad which aaparataa 
ragiona of tima-dapandant and tima-indapandant raaetion rataa for hataroganaoua 
natal-oxidixar ayatama. ignition ia poatulatad to occur only aftar thia tampara- 
tura ia axcaadad and, furthanaora, tha ignition procaaa oceura exactly aa in othar 
hataroganaoua ayataasa. 

hPmCMim OF TOE STBADY-fTAn 70 KBTM, PyROFHOEZCXTy - ona of tha mora 

intaraating propartiaa of matala ia tha ability of a wall-diaparaad group of amall 
awtal particlaa to apontanaoualy ignita whan axpoaad to an oxidixar at room tmipara- 
tura. Although thia ia a difficult problem to analyxa bacauaa of tha cooparativa 
effort between tha particlaa to minirnixa tha rata of heat loaa, ia atill poaaibla 
to atudy inataad tha affect of mstal empl* aixa on tha ignition tamparatura of a 
ainola particle. Such atudiaa hava indeed baan made on thia Dvrophorie behavior of 
metal particlaa, and it haa baan eoncludad that a dacraaaa in aampla aixa generally 
raaulta in a dacraaaa in ignition tamparatura. it ia of intaraat hare to attempt 
to explain thia phenomenon in tarma of tha praaant modal of metal ignition, pirat, 
howavar, an overall diaeuaaion of thia problem aaama appropriate. 

Zn order for a metal particle to be able to firat, aalf-haat, and aacond, aelf- 
haat to a fairly low ignition tamparatura, it ia necaaaary that tha total heat ra- 
laaaa incraaaa with*' raapact to tdia total heat loaa aa metal particle aixa ia reduced. 
Vow, aa particle aixa decraaaaa, aangtla aurfaca area incraaaaa with raapact to aampla 
volume; that ia, tha ratio of aurfaca araa to volume of tha aampla (S/V, a auitabla 
aixa index) incraaaaa. Thia incraaaa in $/v ia indicative of a relative incraaaa in 
tha total chemical heat ralaaaa with raapact to tha total heat capacity of the fuel 
particle. Tharafora, pyrophoric action can be attributed to an incraaaa in tha 
amount of fxae aurfaca of tha metal, ainca thia ia raapohaibla for tha inability of 
tha metal particle to diaaipata ita heat of oxidation rapidly enough, bacauaa with 
mora aurfaca araa and laaa volume, mora haat ia libaratau that cannot be diaaipatad 
by tha metal particle itaalf. 

Of couraa, tha haat of oxidation of tlie natal will be greatly reduced by a 
protactiva oxide coating and thua, a metal with a low tranaition tfimparatura which 
in all probability ia then a critical tamparatura controlled metal will tend to be 
more pyroi^oric. of thaaa critical tampiiratura controlled me tula, thoaa whidi have 
the highaat haat of reaction with the oxidixar in the atmoaphere of intaraat will 
retain tha ability to burn apontanaoualy for a largar-aixed particle. Zn othar worda, 
it la generally true that for an oxygen atmoaphere, the higher the heat of formation 
of the metal oxide, the more pyrophoric ia tha parent metal (27). 


1 

HKAW or rORHATIOV OF MaBOMZVAVZVO NBTAL OKZDIM* 




Oxide 


**2®5 

488.80 

•nOj 

142.01 

AljOg 

400.40 

•rO 

141.10 

VgOg 

381.96 

VO 2 

140.94 

*2®3 

303.64 

•*’2®3 

139.00 

fhOg 

293.20 

*a0 

133.50 


272.65 

ZnO 

83.25 

Vf02 

266.05 

rao 

63,50 

■rPg 

261.50 

(JdO 

62.20 


259.20 

ViO 

S7.30 

TiOg 

225.50 

CoO 

57.10 


217.50 

PbO 

50.39 

K0O3 

182.65 

CU 2 O 

41.80 

NgO 

143.70 

AOgO 

7.20 

■aO 

143.10 

AUjOj 

0.80 


in hcal/gmola taken from Aafa. (21,25). 


Table 1 liats tha heats of formation of tha predominant natal oxide of aoma 
matala of intaraat in order of daeraoaing magnitude of their haat of formation, in 
gantral, thoaa matala Whidh are known to be pyri^irie such aa uranium, xireonium, 
thorium, and vanadium occur at tha head of Iwa list while matala which baraly oxidiaa 
auch aa ailvar and gold indaad cic* ct tha and of thia table. 
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Vow, In doalinv with tho phonononon of mtal pyroj^oricity in toraa of tho 
■edol dovol^^d horo, it is noeoaaary to ■•oortain tha dagraa of influanea of natal 
awipla aiaa (V/V) on tha critical and tranaition tanparaturaa. Nallor (12) analyaad 
by naans of tha availabla litaratura tha influanea of savaral variablaa on tha lattar 
and found that althouglh tha transition tanparatura nay ba dapandant to sona axtant 
on sanpla purity and non-isothamal conditions, it is ganarally indapandant of such 
things as surface pratraatnant, axparinantal anvironnant, sanpla sixa and is so 
postulatad. On tha other hand, the critical tanperatum nay be a strong function of 
SOM of these anvironMntal faetora since tha relative values of 4-j,„ and 4io.. 
could dhanga with thasa parsMtars. In particular, as tha sanqi>lc sxfa dacraasll, S/V 
increases and therefore tha affect of beat loos will dacraaia since tha nain heat 
less tarn, tha conduction heat loss into tha sanpla, will dacraasa*. Since 4,,v_ is 
not a function of S/V in tha kinetic ragiM (fee Bgs. 1,2,4), than as s/V inerSIias, 
tha critical tanparatura will dacraasa, thus thaoratically naking it possible for a 
Mtal aang^la to salf-haat to ignition fron a lower value of tha initial surface tan- 
paratura. 

Recall that it has bean previously postulatad that a natal has its ignition 
tasvxratura controlled by either its critical or transition tanparatura depending on 
whether T -.i*. greater than or less than Since the transition tenperature 

ie; hare alitSnad to ba independent of sample slIaT a transition tanparaturc controlled 
|.#tal is postulatad to have its ignition tanparaturo indapandant of sanpla sisa even 
%'>ough, its critical tanparatura is not, vhile a critical taRg>aratura controllad natal 
hb* both its critical and ignition tanparaturas dacraasa with a dacraasa in natal 
isRvla else**. In short than, natals «hosa ignition is controllad by Tq-j,. will ax- 
parlance a sisa affect while natals «hosa ignition is controllad by 7f^_^„.^ill 
parlance no sixa effect. teens 


ex- 


it is interesting to note that as a sample sire is reduced, and thus 4 iq.. la 
decreased, tha matal-oxidiser system will shift from a critical temperatura con- 
trolled system (Figure 3b) to tha appropriate transition tamparatura controllad 
system (Fig. 3c). As the particle else is further decreased, it is possible as 
Mntionad in tha previous section to have 4io.. become so small that T becomes 
lass than and, thesrsfpra, tha saiqpla may salf-haat from tamparaCQras below 

^ a^ntual ignition. Indeed, it might perhaps be possible that such a process 
eectr*for a transition tamparatura controllad metal of bulk size, but hare tha sudden 
increase in at is usually much larger and the ignition temperature is 

thus maintalnSB*8t its’^flSfl value. 


When the size of a metal particle has decreased to tha point where the system, 
which was critical temperature controlled in the bulk regime, is now transition 
tamparatura controlled, any further decrease in sample size will have little affect 
on the ignition temperature, as in any transition temperature controlled situation. 
In other words, as the particle sisa decreases, the critical temperature will con- 
tinue to dacraasa; however, tha ignition tamparatura will never become less than the 
appropriate transition temperature for that system. 


Turning for a moment to the bulk regime, it is postulatad that once tha sample 
reaches a certain bulk size, in reference to the surface, the sample volume is in- 
finite. Thus, the 4io._ curve will tend to stabilize and consequently the critical 
and Ignition tamperaturls will tend to remain relatively constant with further in- 
craasas in sisa. 


In summary than, for metals whose bulk ignition is controlled by tha critical 
If tgi^paratura, tha ignition tanparatura will dacraasa wild) decreasing sample sisa due 
to a dacraaaa in tha critical tamparatura. For large samples, tha ignition tampera- 
tura is equal to tha bulk ignition temperstura; in this ragima, the critical and 
ignition tampf/raturas are relatively independent of size. For intarmadiate-sisad 
samples, tha critical and ignition temperatures will decrease with decreasing sample 
sisa until tha latter neara tha transition tamparatura. Upon further reduction in 
aampla aizwx the critical temperature continuaa to dacraasa, but tha ignition tam- 
l^ratura rai^aina relatively conatant and approachaa the transition tan^ratura. This 
than is tha |i'>roblsm of pyrophoricity, where a small paftic),« may salf-haat to tha 
transition t^ief^ratwa and thus ignition, but nhara a larger sample ia not allowed to 
undergo -thia physical procasa. 


• ‘ Inspection of Eq 
pendant on saa^lae sisa 
in most all casaa. 


. (7) for 4i««« sh««i>a that only „ end 4„«-e # 

e with the IStter much larger fin£8"!f2^*ie mud)^tsf$( 


are de- 

ler than k. 


** fee Haller (12) for a mathamatioally orientated arguMnt that outlihaa the in- 
fluence ot and Vjtrans ^Tnition .temperstura. 
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on* of th* nor* notabl* ad>i*v*m«ntb* of thi* th*ory i* th* pr*dicfcion of the 
■iz* *ff*ct as d*mon*trat«d by Mallor with th* aid of an induction furnac* facility 
and two critical t*mp*ratur* controlled metal*, magneaium and calcium (12). ni* in- 
duction furnac* accentuate* th* aiz* effect since it heats on th* surface of th* 
sample as is done in th* model, and, thus, make* th* conduction losses into th* 
sample very in^ortant. In other experimental environments idler* th* metal saav>l* ia 
heated uniformly, it is expected that th* size effect will be diminished if th* 
source of th* size effect has been correctly assumed to be th* conduction heat loss 
into th* metal. 

Pigs. 5 and 6 demonstrate clearly th* size effect in various oxidizing atmo- 
spheres at 300 torr for th* two metals, magnesium and calcium. Ittifortunately, it 
was not possible in both cases to obtain metal sample* with a larger 8/V ratio be- 
cause of th* difficulties with indi^strial production of thin sheets of such metals 
(12). However, th* general trend ipan be seen on these graph* and furthermore, it 
appear* that th* ignition temperature may indeed be minimized at the appr^riat* 
transition temperature for th* metzl under consideration. 

IBS yARXATZ<»t OF THE TRAHSlTZOf TEKTSBA^E 

PREVIOUS RESULTS Wta ALUHXilUM - In the early work with aluminum at Princeton, 
Brzustowski (4,9) found, as had other investigators, that th* ignition temperature 
of this metal in oxygen-argon atmospheres was very close to th* melting point of its 
oxide, Brzustowski also noted, however, that th* brightness temperature at ignition 
for anodized aluminum wires, though constant from 20 atm. to 1 atm., slowly de- 
creased from total pressures of 300 torr to SO torr. Although Brzustowski (4) at- 
tributed this behavior to a change in emissivity, it is very possible that th* ig- 
nition temperature of aluminum decreases with decreasing oxidizer pressure at these 
lower mbient pressures. Indeed, Kuehl (14) later found that, vAiereas th* ignition 
tea^eratur* of aluminum is constant at th* oxide melting point at higher presaures, 
for pressures lower than approximately 250 torr, th* ignition temperature slowly de- 
creases with decreasing ambient pressure. 

Since aluminum is transition temperature controlled, the above behavior of its 
ignition temperature may logically b* explained via some mechanism that would allow 
th* transition temperature to decrease with decreasing pressure below 300 torr. such 
a mechanism has been proposed by Kuehl (14) and is depicted on th* pressure vs. tem- 
perature plot in Fig. 7. 

7hm normal transition temperature for aluminum is known to be its metal oxide 
melting point, 2042^0. nils is represented by th* straight vertical line in Fig. 7. 
Consider now th* vapor pressure curve for aluminum metal; from Fi^;, 7, it can be seen 
that th* oxide melting point is equal to th* metol boiling point r.t a pressure of 
about 700 torr. Ihus, at pressures above 700 torr, th* pressure of the aluminum vapor 
enclosed by the oxide costing can never exceed th* total ambient pressure without 
having' th* temperature of th* sample become greater than th* m«lting point of Al^O,. 
Thereforat, at pressures greater than 700 torr, Idi* transition (and ignition) tsm^Fa- 
ture of aluminum is postulated to be th* melting point of th* metal oxide. 

For ambient pressures below 700 torr, th* vapor pressure of aluminum inside the 
solid oxide shell will become larger than th* outside ambient pressure for tempera- 
turea greater than th* appropriate boiling point of aluminum at th* pressure of in- 
terest. Vhus, it is not possible in this pressure rang* to reach th* oxide melting 
point without causing a pressure differential across the oxide shall. Depending on 
th* strengUt of the oxide layer then, it is possible that a certain pressure differ- 
ential may break the oxide coating at temperatures below th* melting point of Al-O,. 

If th* oxide coating is thin and weak, but iaqp^ervious to- th* ambient oxidizer, then 
th* transition (and ignition) temperature below 700 torr will closely follow th* vapor 
pressure curve, on the other hand', if th* mid* coating is thick, strong, and pro- 
tective, a* is usually th* case with aluminum, a hi^er than ambient metal vapor 
pressure will be needed to break the oxide coating. Therefore, th* transition tem- 
perature for pressures below 700 torr will folow a path similar to that found by 
Kuehl (14) as depicted by the lower curve in Fig. 7*. (Vote that a pressure drop 
from 700 to 250 torr is needed in th* case of aluminum to have a large enough pres- 
sure differential to break the />xid* coat.) 

In summary then, th* ignition temperature for aluminum is postulated to be conr 
trolled by th* oxide melting point at higher pressures and the metal boiling point at 
lower pressures. However, aluminum still remains coovletely transition temperature 
controlled since (he metal boiling point, like th* oxide melting point, is a physical 


s notice that th* lower curve approaches the vapor pressure curve at very low 
pressures. This is to be expected since at very low pressures, the oxide shell nat- 
urally becomas thin and «»eak. The heavy lines in Pig. 11 denote the transition tem- 
perature variation for both a strong and weSk oxide shell. 


19-13 


property of tho Mtal-oxidizor eyotom and not a chanical property, dependent on the 
beating eharactcrietiea of the ayatem. niua, it ia concluded that the tranaition 
taaiperature nay vary conaiderably with the preaaure when the netal boiling point 
interferea with the natural melting proceaa of the oxide. 


Adding even more credance to thia argument ia the fact that it can be uaed to 
explain the cylindrical vapor-phaae flame that appeara upon ignition of aluminum 
wirea in carbon dioxide-argon atmoapherea at preaaurea below 300 torr (14). Sarlier 
thia type of flame waa explained by arguing that a barrier layer of AljO, exiata 
which melta before the poroua outer layer of oxide, thua, enabling metll'^vapor to 
eacape before the wire breaka. Although thia proceaa may have a part in eatabliah- 
ing the vapor-phase flame, the following argument aecma to explain the obaerved 
phenomenon much more appropriately. 


In heating the wire, the porea in the outer layer are only alightly filled by 
the pre-ignition oxidation proceaa vh*n the atmoaphere containa CO,-Ar mixturea. At 
ambient preaaurea above 300 torr, the oxide coat muat melt before ignition can occur 
and, hence, a cylindrical vapor-phaae flame doea not appear, however, at preaaurea 
leaa than 300 torr (in agreement with Fig. 7), there exiata a large enou^ preasure 
differential acroaa the oxide ahell to break the coating at ita weakeat points, 
specifically, near large pores, and thus allow metal vapor to escape without com- 
pletely destroying the integrity of the oxide coat and, hence, the anodized aluminum 
wire. Consequently, it is indeed possible to obsfrve the cylindrical vapor-phaae 
diffusion flame at these lower pressures. 


THE INVESTIGATION OF ZINC (17) - Although the boiling point effect as described 
above seems to bring together and explain varloua results with alumimun, only Kuehl 
(14), using pyrometric means, has offered any evidence at all that indeed the ig- 
nition ten^rature of aluminum at low pressures is controlled by a variable tranai- 
tion temperature which ia in turn controlled by the metal boiling point. The fact 
that the Ignition ten^ratura of aluminum may be significantly reduced by using low 
pressures could be very useful in rocket applications (low preasure solid rockets 
for space applications). Therefore, it appears to be very important to determine if 
this phenomenon really does occur for metals such as aluminum. 

TABLE 2 

FUNDAMENTAL TEMPERATURES OF INTEREST FOR METALS* 


Metal 

Metal 

oxide 

Metal 

Melting 

Point 

Metal 

oxide 

1 Melting 

Metal 

Boiling 

Point 

Metal 

Oxide 

Boiling 

jEP. 4 B.t 

Transition 

Tamnerature 

Ba 

BaO 

710 

1923 

1527 

2000 

17 

Bi 

BigOi 

271 

860 

1470 

1890 

m* 

Ca 

CaO 

848 

2580 

1240 

2850 

400 

Fe 

FeO 

1536 

1420 

2872 

- 

1200 

Pb 

PbO 

328 

897 

1753 

1516 

550 

Mg 

NgO 

650 

2800 

1105 

3600 

450 

NO 

N 0 O 3 

2620 

795 

4507 

1155 

700 

Sr 

SrO 

774 

2430 

1366 

3000 

- 

Sn 

SnOj 

232 

1127 

2260 

1850 

475 

Zn 

ZnO 

419 

1975 

907 

- 

700 

Co 

CoO 

1495 

1935 

3550 

SP. 

1350 

Cu 

CU 2 O 

1083 

1235 

2595 

- 

1000 

Ti 

TiOj 

1677 

1855 

3277 

2750 

850 

W 

WO 2 

3410 

1580 

5900 

- 

1000 

Zr 

ZrO, 

1855 

2677 

4474 

4300 

1300 

* Taken and extrapolated 
Boiling points are for 

from Refs, (12,21,23, 
atmospheric pressure 

24,25,26,27); 
(76(J torr). 

given in °C. 


unfortunately, direct temperature measurements of bulk aluminum in the induc- 
tion furnace at Princeton was not possible. Consequently, it was though that perhaps 
some other swtal might be found idiich would also demonstrate this behavior at lower 
pressures. By using existing data on ignition tesperatures and boiling points, and 
the data in Table 3 , sine was chosen as perhaps having a transition tesperature eon- 
trollad by a protective oxide layer, and that at lower pressures, its ignition tem- 
perature would be cmitrolled by its belling point. Laurendeau (17) obtained data 
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using th« n:ine«ton induction furnace facility and tha data ajppmtxmi to bear out 
tfaasa original avg^aitlonn^ Table 3 lists the measured ignition temperatures of 
sine to tlM nearest five degrees. 


ICXtHnm TBHKBMTUHES FOR ZZMC MBTM. 



Ignition „ 

Average ignition 

Prassure 

Temperature (°c) 

Temperature (°c) 

200 torr 

, 785 
795 

790+5 

300 torr 

615 

84<>+30 


835 

840 

880 

(83q+15 

i atm 

895 

90S 

030 

905+15 

3 atm 

1035 

104(>+5 


1040 


1045 


5 atm 

1090 

1135+35 


1095 

1140 

1150 

1160 

116S 

(1095+5 

7.5 atm 

1160 

1170 

1165+5 

10 atm 

1140 

1175 

1160+20 

12.5 atm 

1185 

- 

15 atm 

1290 



in order to ascertain the validity of the boiling point effects it is neces- 
sary to compare the average ignition temperature at each pressure to the boiling 
point of zinc at these pressures. Vho vapor pressure curve for zinc metal, as taken 
and extrapolated from Refs. (28,35 and 36) is sho;^ in Fig. 8. The data are not 
plotted as a Inp vs. 1/T to accentuate tne constantcy of the ignition temperature 
above 5 atm. note the near perfect correlation of the average ignition temperature 
at each pressure up to 7.5 atm wilii the boiling point of zinc. This indicates tliat 
zinc oxide is in all probability a protective oxide, but that it is thin and weak, 
and therefore only a sli^t pressure differential is needed to break the oxide shell. 
In order to see this point tetter, it is of interest to look closer at the data 
listed in Table 3. 

At the lower pressures, especially at 200 torr, 1 atm, and 3 atm, tiiere is al- 
most perfect correlation with the zinc boiling point (At 760 torr. Table 2 gives 
907°C as the boiling point of zinc, for example.). However, at 300 torr, there is a 
first indication that the oxide coat may at times require a sizeable pressure dif- 
ferential before it will crack. Nevertheless, in most cases at this pressure, the 
ignition temperature closely follof^s the vapor pressure curve as can be seen by com- 
paring the average of the three lower experimental points (the average ignition tem- 
perature in parentheses) to tha boiling point of zinc at 300 torr. A similar be- 
havior is noted at 5 atm, but here the majority of the data points indicates that a 
higher pressure gives rise to a stronger oxide coat that, in general, remains pro- 
tective until 1150 C. Nhen, for seme reason, a certain oxide shell is unprotective 
at this pressure, an ignition temperature consparable to the zinc boiling point at 
5 atm ('Vlioo^C) is obtained. 

For those runs at 300 torr and 5 atm where the oxide shell is protective to 
a higher temperature than the corresponding metal boiling point, zinc metal scraps 
are usually found attached to the sides of ,the pressure vessel after the run has 
been completed. This indicates that the ignition process here was "explosive" in the 
ssnse that the large pressure differential across the oxide shell caused a spewing 
out of zinc metal upon breaking of tha oxide coating just before ignition occurred. 

In addition, the tm^tmtwem traces for these particular runs show that immediately 
upon ignition, the molten zinc metal almost instantaneously drops in temperature to 
t£e appropriate swtal boiling point. These particular experimental findings again 
seem to indicate that the zinc oxide shell is indeed protective to fairly high tem- 
peratures. 

At higher pressures, the reaction is of course very rapid and, at tisies, ^e 
metal is almost completely consumed before the metal fire can bb extinguished. At 
both 7.5 and 10 atm, the ignition tes^ratrnre ie near 1160^0. This corresponds to 
the zinc boiling point et 7.5 atm, but to a tamperatura lower than the metal boiling 
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•t 10 «tn. It «pp«ars then thet the protective-qualities of the oxide coat are 
. e»;periBtentally beginning to level off near 1150 C. Shenal oxidation data indicatea 
that the einc tranaition teaqperature ie greater than fOrCt the preaent reeulta in- 
crease the iBaxiaium value of the tranaition temperature to 1150 C or perhapa hiidHtr. 
9his« however, ie atill significantly Iwsa than the awl ting point of Zno at 1975 C 
(See Table 4), 


The experimental data at 12,5 and 13 atm are not plotted in Fig, 8 because 
there is some doubt as to the significance of these results. At both of these pres- 
sures, the reaction is almost instantaneous and very explosive in the sense de- 
scribed above. At 15 atm, there was a sudden flash of light and no awre» however, 
reaction had occurred since there was a thick layer of zinc oxide particles covering 
the entire inner surface of the pressure n>ssel. At 12,5 atm, there was no flash, 
but the furnace automatically shut down t^en the metal explosion occurred due to a 
short circuit across the work coil caused by the flying zinc metal. (This also 
happened at 15 atm.). After a few seconds, li^t appeared from the remaining portion 
of the sample and reaction ^en proceeded. 

Because of the extremely vigorous reaction and the imminent danger that it posed 
to the work coil, only one run was itade at each of these pressures. However, even 
these vei^ scanty data perhaps Indicato that at higher pressures, the oxide coat be- 
comes much thicker, leading to either the possibility of early cracking of the oxide 
layer or the presence of an extreately strong oxide shell which causes the transition 
teiqterature to Increase with increasing pressure. The above statement, however, is 
to be considered very hypothetical in light of the lack of data supporting it*. 


The eiqwrimental investigation of the ignition temperatures of bulk zinc shows 
that, in general, the ignition temperature of zinc increases with increasing pressure 
in almost perfect correlation with its boiling point at the respective pressures in- 
volved. Because the ignition temperature may be greater than the metal boiling point, 
and the range of ignition temperatures is very large, it would appear that the oxide 
is protective to some high ten^rature, although not to the oxide melting point as 
for aluminum**. Indeed the maximum transition teniperature, over the observable pres- 
sure range investigated here, appears to be near 1150 C, much less than the maximum 
possible transition tesperature for sine at tlva melting point of ZnO (1975^0. This 
maximum transition tenperature (1150^0 denotes the end of the control of by 

the boiling point and the beginning of the control of by the physicaX^cnlrac- 

teristies of the zinc oxide co&t au determined by the ldw*t|n!perature oxidation pro- 
cess prevalent in all metals. 


Assuming that IISO^C is indeed ^e maximum transition temperature for zinc***, 
then below the vapor pressure at 1150' C (7,5 atm) , the boiling point of zinc will 
control the transition and tliuiit the ignition temperatures. However, the oxide coat 
for zinc, although impervious, ir thin and weak; therefore, the ignition tempera- 
ture will follow the vapor pressure curve instead of a curve similar to the lower 
curve for aluminum below 700 torr as depicted in Fig. 7. At very low pressures, both 
aluminum and zinc will follow their vapor pressure curves since very little oxidation 
takes place at these pressures and thus the aluminum oxide coat also becomes thin and 
%#eak. At pressures above 7.5 atm, ^e ignition and transition temperatures ate here 
assumed to be constant at near IISO'^C. 


The overall results of the zinc investigation show then that a transition tem- 
perature controlled metal can have its ignition temperature controlled by its boiling 
point for a certain range of low pressures. Thus, for metals like zitic and aluminum, 
the transition temperature is not necessarily a constant but may be a strong functi<» 
of pressure if the boiling point becomes the controlling influence in the ignition 
procese. Consequently, although not common to most metals, the boiling point effect 
is indeed a proven influencing factor that very clearly explains the previously ob- 
served lowering of the ignition temperature and the cylindrical vapor-phase diffusion 
flame below 300 torr in early experimental work with aluminum metal. 


* in fact, due to the explosive nature of these reactions, it may be possible that 
the Al.Oq crucible perhaps acted as a catalytic agent or even entered into the re- 
actionf '’There is, however, no evidence for or against this hypothesis. 


** If this were true, the ignition temperature wpuld continue to rise until the 
ambient pressure increased over 260 atm at which pressure, the boiling point is equal 
to the melting point of the oxide (1975^0. This is highly unlikely based on the high 
pressure results obtained In the present investigation. 


*** Any other assumption for the maximum transitios temperature will not change the 
reasoning in the argument outlined here. Thus, 1150^0 corresponds to the melting 
point of hlyO- at 2042^0 shown in Fig, 7. However, 1150'’c is not the melting point 
of Zno, but^instead represents thv simple ptiysieal failure of tM oxide layer to pro 
tact the metal substrate. This phenomenons m for all other metals, is chwacterized 
and defined by the transition temperature. 
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fXAHB tfODELS* 

In thi« section the various models that have been presented in the literature 
to represent the flame structure of metal-oxygen diffusion flames will b« reviewed. 
Attention is focused strictly on those metals idiich burn in the vapor phase. 

the evidence to support the proposed models varies significantly. In soste 
oases visual observatitMi alone is the sole criterion suggesting a flame model, turn- 
ing rate calculations performed vuider the guidelines of this postulated model are 
then compared with experimentally determined burning rates to judge the validity of 
the model. Other models result from more cosqplete experimental determinations in- 
cluding such diagnostic Masurements as optical spectroscopy, electron microscopy 
and x-ray diffraction studies of the combustion products, quench studies of metal 
particles in all stages of combustion, and determination of kinetic rate constants, 
■o effort is made to describe the methods of making burning rate calculations. Sudi 
methods are described adequately in Ref. (4). Ihe inportant aspect of the problem is 
to establish the proper flame model. 

Xt should be pointed out that unknotm or uncertain high temperature values for 
many of the parameters required in order to be able to perform an analytical calcu- 
lation of a burning' rate, preclude the possibility of definitely establishing one 
flame model as correct on tho basis of comparing calculated and measured burning 
rates. Xn the sasm manner it has not been possible to assess critically Uie various 
assumptions that have been made in all of these admittedly idealized and simplified 
models. 

FXNXn REACTION ZONE KQDEL DUB TO COFFIN - The earliest of these models is due 
to Coffin (9). In his experiments Coffin studied the burning of magnesium ribbons 
in various mixtures of oxygen with argon, nitrogen, helium and argon-water vapor. 

His evidence indicated a vapor phase reaction for magnesium combustion bearing some 
analogy to the combustion of liquid fuel drops. However, the model generally used 
for liquel droplets, was not used by Coffin. Instead of this "collapsed flame front" 
SModel, a finite thickness for the reaction zone was adtpted. Coffin's model is 
illustrated in Figure 9. 

In this cylindrical model, there arc three concentric zones. The inner rone AB 
contains only the metal vapor and the inert diluent.. Matal, which is vaporized at 
the fuel surface by the heat conducted back from the reaction zone, diffuses from the 
ribbon surface at A, idiere it is at a temperature close to the boiling point of the 
BMBtal, to the reaction zone idiich starts at B. The reaction zone was considered to 
be at the boiling point of the magnesium oxide, as had bean suggested by experimental 
flame temperature measurements (28,29). It was also believed that the oxide dissoci- 
ated almost completely upon vaporization (30). 

The reaction zone BB* thus consisted of a mixture of magnesium vapor, oxygen 
and c<mdensed oxide at the boiling point of the Mtal oxide in a stagnant film of 
inert gas. It was assumed that chemical equilibrium existed among the species in 
this zone. 

The third zone B'C is the zone through tdiich oxidizer diffuses from the sur- 
roundings to the constant temperature reaction zone. The oxygen is heated from the 
ambient tMiqperature of the surroundings to the flasae temperature as it diffuses in- 
ward. The condensed oxide from the reaction zone cools as it moves outward from the 
reaction zone through the zone B’C. 

Idealized assumptions which were made for this model were as follows: free 

convection was ignored; the pressure was considered to be 1 atmosphere throughout the 
aystea; the inert gas was considered as a stagnant film throu^out the system. 

LIQUID OXIDE BUBBLE MOCZI, DUE TO FASSELL AND CO-WORKERS - A second model for 
the combustion of loetal particles has been proposed by Fassell euid co-workers (31,32) 
Although these authors indicated that the gas phase spherical diffusion flam theory 
adequately accounted for the combustion of magnesium, they suggested that higher 
boiling metals did not burn in conformity with this model. A particular case of this 
latter category of Mtals was aluminum. Xn the experiments of Fassell et al, alumi- 
num and various aluminum-magnesium alloy particles were burned in two different types 
of torches iu either methane-oxygen mixtures, or a combination of methane, oxygen and 
air. 

visual observations, high speed photographic mcasvurements and detailed obser- 
vations including x-ray diffraction of the combustion products suggested to these 
workers that the diffusion flame model %hich had ^parently been successfully an^lied 
to the combustion of suignesium, did not in fact represent the case of aluminum com- 
bustion. Based largely on the appearance of the combuftion products, Fassell et al 
proposed the model wihl<h is depicted s^smatically in figure 10. 

* This section is exiracte^ almost in its entirety from Ph.D. thesis of Sullivan. 
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A continuous lsy«!ir of moltsn oxi.dc covers the metal droplet. lOie evaporating 
metal from the droplet, tdiich is considered to he at its boiling point, causes the 
molten oxide layer to form a bubble, nie limiting step to furt^r reaction is con- 
sirred to be diffusion, through this molten oxide layer, of either metal vapor 
difreing outward, or oxygen diffusing inward. Reaction is considered to take place 
at the liguid oxide interface. The authors considered tiie possibility of the molten 
oxide bubble exceeding n critical sire and bursting, thus scattering fragments of 
both oxide and freshly exposed metal. 

It was thou^t that this model provided the explanation of the numerous hollow 
oxide splwres present in the combustion products. It also satisfied one of the 
difficulties whi^ arose from the x-ray diffraction studies, naswly the appearance of 
species such as NgAl.O. which would not be thought likely to occur in a vapor phase 
diffusion flMse. - * 

COLLAPSED PBACTIOIf ZCHE ffODEL DUE TO BRZOSTOHSKl AMD GLASSMAH -The first model 
due to Coffin subseguently came under criticism by Brzustowski and Glassman (9). In 
addition to certain facets which they felt had to be included in the analytical model 
(tihermal reidiation from the flame front to the surroundings and to the droplet sur- 
face; diffusion of oxygen toward the flaate front being affected by the condensed 
product), they stated that the thick reaction zone used by Coffin predicted a flame 
structure "notidily different" from observed flames. Coffin's contribution was felt 
to be the comparison of the diffusion flames of metals and of hydrocarbons. This 
comparison of the diffusion flames of metals and of hydrocarbons. This comparison 
was the basis on sdiich Brzustowski and Glassman proceeded to develop a flame model 
which is outlined below. 

The analysis was based on the theory developed to describe the combustion of 
hydrocarbon droplets, namely the collapsed flame front model depicted in Figure 11. 
but was modified to account for specific characteristics pertaining to metal com- 
bustion. These particular features are presented below: 

(1) The flame tenperature will be fixed, at the boiling point of the oxide. 

SoBW oxide will always form in the condensed state. (Coffin's model was a particular 
case of this general statement. His model was specifically for magnesium.) 

(2) The presence of the condensed oxide |>rcduet8 will affect the diffusion of 
oxygen to the reaction zone. Movement of these l^oXid or liguid products must occur 
due to bulk motion of gaseous species since the^' cannot diffuse. 

(3) Thermal radiation will probably be an important consideration because of 
the existence of these condensed species in the high temperature regions of the flame. 
It can possibly result in higher evaporation rates for the fuel due to an increased 
heat feedback, but it can also lead to significant losses to the surroundings. 

(4) In the case of metal combustion, evaporation rates of the fuel may not be 
fast comp 2 u:ed to diffusional processes. 

With the above considerations in mind, the collapsed flame zone model of Figure 
11 becomes the metal combustion model proposed by Brzustowski azid Glassman. Heat 
feedback (due to both conduction and radiation) from the thin flame front B. evap- 
orates metal from the fuel surface at A. This metal vapor, at a teaperature which 
nay be several hundred degrees lower than the metal boiling point, diffuses through 
the stagnant film AB toward the high t«Dperature flame front at B. 

Oxidizer from the surroundings diffuses toward the flame front through the film 
8C. This diffusion of the oxidizer is opposed by the outweurd movement of combustion 
products %diich were formed in the thin flame front at B. Heat is conducted and radi- 
ated to the surroundings through this film BC. 

As in the case of the earlier model of coffin, idealizations considered in this 
model include uniform pressures throughout the system, axid a system ste^y in time. 

It was assumed that coodiustion products did not diffuse back to the fa&l surface 
through the film AB. but that all products diffused thSrough the film BC to the sur- 
roundings. This last assumption was justified in part by the observation of 
Brzustowski that although oxide was observed on the wire surface (probably from back 
diffusion of the products) it did not appear to have an appreciable effect on the 
observed burning mechanism. As will be pointed out later in this chapter, more recent 
experimental work of othe^ investigators does not support this assumption of no back 
diffusim of lOte combustion products. 

An isportant feature of the Brzustowski-Glassman model is the attention paid to 
the condensed oxide products, condensed oxide particles can be transported out of 
the flasw zone only if a bulk outward gas velocity exists in the zone BC. The dif- 
fusion equation for this zone givee the conditions under which such a bulk velocity 
can be achieved. 



19-18 


A parameter is defined as the fraction of the condensed oxide product 

that is vaporised. This parameter is a function of the flame radius when there is 
dissociation in the flame zone and subsequent recombination in the zone BC. The 
result, derived analytically by Brzustowski, illustrates that an outward bulk ve- 
locity in the zone BC occurs when more than one mole of gaseous products is formed 
for every mole of oxidizer participating in the reaction. 

In the reaction zone itself, the degree of dissociation of the oxide varies 
according to the balance between heat liberated in the reaction and heat radiated or 
conducted to the surroundings. If heat losses are large enough, it would be ex- 
pected that condensed oxide deposits would appear in the flame front itself. 

It has sometimes been incorrectly stated in the literature that a collapsed 
reaction zone assumption would define zero concentrations for the reacting species 
at the flame front. Brzustowski (4) points out the correct definition of a collapsed 

flame front as follows: " to a desired degree of accuracy, the dimensions of 

the reaction zone and the changes in reactant concentrations through it are small 
with respect to the dimensions and concentration differences involved in the dif- 
fusion processes." 

Brzustowski found Coffin's thick flame zone model unacceptable because, firstly, 
it assumed that no gaseous oxide was present because of complete dissociation, 
whereas spectroscopic observations showed significant oxide vapor radiation and, 
secondly, Brzustowski' s interpretation of his flame photographs showed an entirely 
different structure. Over a large pressure range from 50 torr to 12 atmospheres the 
bright flame zone thickness was small in comparison with the dimension between the 
metal surface and the flame front. 

EXTENSIONS OF TBE BRZUSTOHSKI-GLASSMAN M(X}EL PUE TO KNIFE - In a survey paper 
on aluminum particle combustion by Christensen, Knipe and Gordon (6), a critical dis- 
cussion of aluminum particle combustion models was presented. The two models dis- 
cussed were the models due to Fassell et al and the Brzustowski-Glassroan model dis- 
cussed in the previous two sections of this chapter. 

One of the criticisms of the model of Fassell and co-workers is that the postu- 
lated rate-controlling step of diffusion through the oxide shell must be accepted 
with some caution because of considerable uncertainty about the magnitude of this 
diffusion rate. This model does take into account the normal metal oxide coating 
which exists on the metal particle prior to ignition, but the bubble of oxide which 
is proposed may be unstable. 

A criticism of the Brzustowski-Glassman model is that it does not explain the 
fate of the normal oxide coating which exists on the metal surface. A suggestion is 
tha'c the oxide may accumulate in one area giving rise to a metal sphere with an 
ac^omerated oxide cap. The basis for this suggestion comes from observations of 
su'bn metal-oxide configurations in quench studies. However, this is then a con- 
siderable departure from the idealized one-dimensional, spherically symmetric model 
of Brzustowski and Glassman. 

Another criticism of this model is the treatment of dissociation fragments in 
the reaction zone. Allowing for the fact that their precise nature is not known, 
aluminum and oxygen atoms are the major fragments of dissociation of the oxide. 

Since the reaction zone is at a high temperature, it is expected that a heterogeneous 
reaction will be more likely than vapor-phase reaction to gaseous oxides, and as a 
consequence the conditions favorable to the nucleation of the condensed oxide may 
play some role in determining the location of the reaction zone. 

Christensen et al conclude from this survey of combustion models that the 
Brzustowski-Glassman model does describe the gross features of aluminum particle com- 
bustion but that there are significant features not contained in the idealized model. 
As a consequence, Knipe {6) sought to extend the Brzustowski-Glassman model as is 
Indicated below. 

The Brzustowski-Glassmem model does indicate the conditions under which con- 
densed oxide may build up in the reaction zone. Knipe suggests that this fact should 
raise strong -4jue3tions about the applicability of a steady state approximation 
especially in view of the many statements in the literature suggesting that, because 
of the condensed nature of the products, radiation will be an important heat trnas- 
fer mechanism in metal flames, as pointed out previously, Knipe also proposes that 
the principle reaction path will be via heterogeneous processes on the condensed 
oxide within the reaction zone. It is also stated that the zone of condensed oxide 
particles has been observed experimentally to possess considerable thickness. This 
is a plausible observation for such a proposed heterog ,,»:ieous reaction zone since 
dissipation of heat, which occurs most efficiently at ^:he edges of this thick zone, 
significantly affects the progress of the reaction. 
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In the Brzustoweki-GlaeKTnan model, back-diffusion of the gaseous combustion 
products to the metal surface was assumed not to take place. However, experimental 
observations of Prentice (33) showed that significant amounts of oxide did build 
up on the metal surface during combustion, indicating that oxygen-containing species 
were present in the region between the metal particle and the flame front. 

Figure 12 is an attempt to represent schematically the model \diich Knipe pro- 
poses. 


Ohis model is characterized by a heterogeneous reaction zone of appreciable 
thickness vhich probably extends in both directions with time as mentioned previously. 
A narrow nucleation zone is expected to exist between the reaction zone and a po- 
sition where the inward-diffusing oxygen-containing species (both evaporation 
products and partially reacted species) make up a saturated vapor relative to con- 
d^^s^tiion. A second nucleation zone is proposed on the oxidizer side of the re- 
at;t'ioa'\zone. 

%hat the importance of recognizing the back diffusion of gaseous com- 
;^ifs^^cts is of more significance than merely explaining some of the features 
actributed to a non-symmetrical burning configuration (e.g., particle spinning). 
Condensation of oxide on the metal surface would be an appreciable heat transfer 
mechanism operating between the reaction zone and the particle surface since much of 
the heat of reaction is in the heat of condensation. 

HETEROGENEOUS REACTION MODEL DUE TO HARKSTEIN - Markstein (34), although he has 
not set out a specific flame model, has discussed v 2 ipor-phase burning of metals and 
has contributed significantly to the problem of vhel^er or not heterogeneous reaction 
or homogeneous reaction dominates metal combustion, in particular in the case of 
magnesium. 

Figure 13 is reproduced from Markstein* s paper (34) and represents a schematic 
representation of most of the processes that might possibly play a role in vapor- 
phase combustion. 

Markstein states that heterogeneous reaction on the metal surface is not likely 
a significant process once the vapor phase flame is fully developed, ihis statement 
is reflected in the schematic by the dashed lines used to depict this process. 

Back diffusion of oxide vapor is also expected to be significant as evidenced 
by a consideration of the experimental evidence of Macek (35). 

Markstein agrees that the question of heterogeneous versus homogeneous re- 
action is far from settled and, thus far has been an area of speculation and con- 
troversy. In an earlier work (36) Mhrkstein seems to have demonstrated the strong 
role played by heterogeneous reactions in low pressure dilute magnesium-oxygen 
flames. In these experiments magnesium vapor was carried in an inert carrier gas 
(Argon) . The mixture of magnesium and argon carrier gas entered the stagnant oxygen- 
argon atmosphere of the combustion chamber through an orifice. Total pressures 
ranged from about 2 to 10 torr. The spectra of the resulting flame showed no line 
and band radiation at all, but instead consisted of continuum radiation with several 
maxima. In addition, it was observed that oxide growths were present near the ori- 
fice. The luminescence of these oxide growths was also characterized by a broad 
maximum in the blue closely resembling that of the dilute flame spectrum. Markstein 
suggested that the reaction path was following a heterogeneous route. Recent work 
of Markstein (34,37,38) has been an attempt to determine rate constants for this 
proposed heterogeneous reaction and to obtain further experimental evidence to 
elucidate details of the mechanism. 

Markstein is cautious about the interpretation of emission spectra by other 
authors as being an indication of homogeneous reaction, suggesting that the high 
electronic energies of the states observed in spectra may be difficult to explain 
on the basis of kinetic steps that are probably not highly exothermic. 

If one were to postulate the structure of a combustion model which would fit 
the particular conditions of Markstein* s experiments, namely low pressure highly- 
diluted flames, it would appear schematically as indicated in Figure 14. 

Note that nucleation zones are not specifically defined. Markstein stated 
(36) that s(xne homogeneous reaction may be required initially to furnish sites for 
the ensuing heterogeneous reaction but that in the fully developed reaction it 
would be expected that homogeneous reaction would not be significant. Since oxide 
vapor is not present due to the lack of homogeneous reaction, it would also be likely 
that not much oxide would appear on the metal surfaces. Ohis statement is based on 
two facts. Firstly, most evaporation products dissociate, and thus, very little 
oxide vapor for back diffusion could be expected from this process. Secondly, it 
was pointed out earlier that Markstein felt that heterogeneous reaction on the metal 
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surface was unimportant vAien fully developed reaction had been established. Ihus, 
the schematic in Figure 14 indicates no back diffusion of oxide vapor to the metal 
surface. 

OBE MEH PRINCETCHl INNER REACTZCR} ZONE HODEL - Sullivan (39) undertook an ex- 
perimental investigation to determine the flame structure of metal vapor-phase 
diffusion flames, in particular the low-pressure flames of the alkaline-earth metals 
Mg, Ca and Sr. In these studies the flames %<ere generated in two types of experi- 
ments. In the first type, metal samples in the form of wires or strands were 
mounted between electrodes and heated to ignition by passing an electric current 
through the sample. She resulting "wire flame" was studied by color photography 
and space-resolved spectroscopy vdiich defined the location of emitters in the 
cylindrically-symmetric flames. In the second type of experiment, a two-dimensional 
diffusion flame burner was adapted to low-pressure metal combustion studies. She 
burner provided a flame with a geometry particularly suited for space-resolved spec- 
troscopic observations. She longer exposure times available for obtaining spectra 
in the burner experiments permitted the observation of oxide band systems vhich had 
not been observed in the wire experiments. She observation of these additional band 
systems aided in the interpretation of the spectral results obtained from the wire 
experiments . 

Shis investigation has shown that a reaction exists in the inner sone of tihe 
luminous envelope surrounding the metal sample. She production of oxide vapor by 
homogeneous reaction causes a supers aturation of oxide vapor leading to rapid nu- 
cleation. Shus, the inner reaction zone is expected to be a high temperature region 
of the flame due to the liberation of the heat of condensatioA. Sullivan demon- 
strated that the major contribution to the observed radiation is due to a thermal 
excitation mechanism, although some contribution from chemiluminescent radiation may 
occur in the inner reaction zone. Based on ttie: thermal nature of the radiation, the 
self-reversal over a portion of their length of the resonance lines of the metals Ca 
and Sr respectively, indicates that the inner zone of colored radiation in the flame 
is hotter than the outer zone. 

If the trend shown by Markstein's results (38) illustrating the decrease of 
collision efficiency (for surface reaction) with increasing temperature continues at 
higher temperatures, it is anticipated that the inner reaction zone of the flames of 
Ca and Sr is thus a zone of predominantly homogeneous reaction. Heterogeneous re- 
action would tend to become more important at larger flame radii where it is ex- 
pected that the temperature is decreasing. 

The model described above is pictured schematically in Figure 15. A comparison 
of this figure with the figures presented at the beginning of this section demon- 
strates the differences in the flame model as a result of Sullivan's investigation. 

The flame zone does not appear to be a "collapsed reaction zone" as in the 
model of Brzustowski and classman. THie peak flame temperature is not expected to be 
located at the outer edge of the luminous envelope, ^le reaction zone appears to 
extend to regions very close to the wire surface, and makes it difficult to determine 
the size of an inner zone such as in the Brzustowski-Glassman model, zone AB, which 
is assumed to contain only metal vapor and the inert diluent. 

The model due to Coffin (40) assumes an extended reaction zone such as the 
present investigation indicates, but in Coffin's model this zone is assumed to con- 
tain no HgO vapor. It would be impossible to explain the spectroscopic observations 
of Brzustowski (4,9), Courtney (41), and the present investigation, on the basis of 
Coffin's model. In addition, the two zones observed in the Ca and Sr flames, namely 
a reaction zone extending almost to the wire surface, and a second zone containing 
oxide particles surrounding the zone of colored radiation, are not distinguished by 
Coffin. 

In the proposed extensions of the Brzustowski-Glassman model by Knipe (6) , it 
is assumed that reaction probably proceeds predominantly by heterogeneous reaction 
in the case of aluminum combustion, and that this reaction proceeds at the cloud 
boundaries. 09ie role played by heterogeneous reaction in the case of aluminum com- 
bustion could be significantly different than for the combustion of the alkaline- 
earth oxides, unlike the aluminum oxides, the alkaline-earth ox'ides are observed to 
have the same composition in the condensed and gaseous phases. Homver, Knipe *s 
suggestion that reaction proceeds at the cloud boundaries is appropriate to the 
flames of the alkaline-earth metals as well, in view of the trend illustrated by 
Markstein's results showing a strong dependence of the heterogeneous reaction mecha- 
nism on temperature. It should be staessed, however, that Markstein's results are 
for a limited temperature range (410°K to 840°K) and that he states that the results 
should not be taken as "unqualified evidence" that heterogeneous reaction may be un- 
important at higher temperatures. 

in summary, Sullivan defines a flame structure model in which a predominantly 


19-21 


homogeneous reaction zone is located well inside the luminous envelope. Heat re- 
lease, kdilch occurs throughout this reaction zone due to oxide vapor condensation, 
accounts for the excitation of the species observed to radiate. Oxide particles, 
formed throughout the reaction zone, are swept out of the inner zone of the flame 
by the bulk velocity of the gaseous product species and thermophoresis effects. 

Since both effect decrease with increasing distance from the reaction zone, there 
is a region in which the particles pile up to form the outer luminous edge of the 
flame %dilch is characteristic of most metal flame photographs. 
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Fig. 1 Beterogeneous ignition: rate of chemical energy release and rate 

of heat loss vs. surface tei^perature f 



Fig. 2 Heterogeneous ignition: con^lete variation with tenQ)erature 







AVERAGE IGNITION TEMPERATURE, ®C -*• AVERAGE IGNITION TEMPERATURE, *C 



Fig. 5 Uagnesium average ignition temperature in various oxidizing 
gases vs. surface to volinne ratio (total pressure = 300 torr) 



Fig. 6 Calcium average ignition temperature in various oxidizing 
gases vs. surfact to volume ratio (total pressure = 300 torr) 





Fig. 8 Ignition ten?)eratures vs. boiling points for zinc 
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AMBIENT ATMOSPHERE 



Fig. 11 Droplet burning theory model 
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Schematic representation of vapor-phase burning. Ref: Ifcrkstein 
Q.H. 11 th Symposium (International) on cooibustion pg 219-234, 

The Combustion Institute, Pittsburgh, Penna. 
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Fig . 14 Heterogeneous reaction model 
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CROSS-SECTION OF 
TWO ZONE CYLINDRICAL 
FLAME MODEL 
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AS THEY ARE CONVECTED OUTWARD 
BY BULK VELOCITY AND POSSIBLE 
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Fig. 15 Schematic representation of flame structure 
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APPENDIX A - THEORIES OF METAL I6NITIC»T* 


Several theories of metal ignition have been given by various investigators 
in the literature; these will now be reviewed. In order to facilitate comparison, 
the defining equations for the critical and ignition temperatures in Mellor's model 
are repeated; 


(Pi^) /ts- 




Ts^Tiril- 




Eq (10) 


V^-Ta /'Ts---r;,« - \ Eq(14) 

Some of the theories to be discussed are appropriate to systems of any size, 
that is, are size independent, and others are for particular types of experiments 
such as those involving dust dispersions. 

A - BULK IGMITKXI ACCORDING TO THE THEORY OF EYRING AND ZKOLINSKI - ^e earliest 
Idieory of metal ignition is due to Eyring and Zwollnski (42). Ihis theory, in terms 
of the present model, is a calculation for the critical temperatures of a bulk sys- 
tem based on the Theory of Absolute Reaction Rates. 

The temperature under consideration was defined by the following heat balance 
equation: 


The term was expressed as: 


Si yrf\ ^ 




Eq (A-19) 


Eq (A-20) 


idiere A is the reaction rate (number of metal atoms/cm sec) . ^ Hf is the heat of 

formation of the product (kcal/mole), and N is Avogadro's number. 

It was stated that "the ignition of met$l samples will occur when the con- 
duction of heat through the oxide film is inadequate for the removal of the heat 
produced at the metal-film Interface as a result of corrosion". Radiation, con- 
duction into the metal, and conduction into the ambient oxidizing gas are neglected, 
and tlius, was written: 

E, (A-21) 

tdiere k is the thermal conductivity of the oxide (cal/*^C cm sec), is the tempera- 
ture at°€he metal-oxide interface, T. is the temperature at the oxide-gas interface 
(both in ”k), and d is the oxide film thickness (cm). Eq. (A-19) then becomes: 


^ . A., 


Eq (A-22) 


nie expression for the reaction rate was developed from the Theory of Absolute 
Reaction Rates and was written: 

^ (c^ATs FA) e ^ (^-23) 

whore C is the number of absorption sites or metal atoms per unit surface 2 urea, k 
is the Boltzmann constant (ergs/^K), h is Planck's constant (erg sec), E is the 
activation energy (erg), and F is the ratio of the reaction surface area to the 
outer area of the oxide film. This rate expression is valid only for regimes of 
linear oxidation. 


(A-22) and A-23) may be rewritten: 

Ts[i^ 4. nf) e 


■eATs' 


Eq (A-24) 


Since ignition will occur when the heat balance represented by Eq. (A-22) is de- 
stroyed, T as calculated from Eq. (A-24) is the ignition temperature, which is seen 
to depend strongly on the oxide film thickness d . Note, however, that in terms 
of the present model, T as calculated from Eq. ^-24) is actually the critical 
ten^erature by virtue of Eq. (10). 

Upon comparison of temperatures calculated from Eq. (A-24) with ignition tem- 
peratures measured experimentally for Mg in O,, Fassell et al. (43) noted the 
following difficulties withe the theory: firstly, the experimental ignition tem- 

perature in independent of oxide thickness; secondly, self-heating below the tem- 
perature predicted by Eq.‘ (A-24) is impossible (that is, these authors recognized 
that self-heating below the ignition temperature is possible); and thirdly, the 

* Extracted in its entirety from the Ph.D. thesis of Hellor (12). 
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observed pressure dependence of the ignition temperature is not explained or pre- 
dicted by thri theory. 

Recalling that the temperatures calculated by Eyring and Zwolinski are 
actually critical temperatures, two of the failures of the theory noted by Fassell 
and co-workers can be explained. It is possible that the critical temperature is a 
function of oxide film thickness and self-heating is not only possible, but also 
expected above the critical temperature. A pressure dependence of ignition or 
critical temperature is predicted by a more complete theory. 

Other difficulties with the theory of Eyring and Zwolinski are the independence 
of critical temperature with respect to sample size and the failure of the theory 
for zero oxide thicknesses. Also, the theory as developed applies only to tempera- 
ture regimes of linear oxidation. 


Xn view of the difficulties noted with the theory of Eyring and Zwolinski, 
Higgins and Schultz proposed the following modifications in which T and T_ were de- 
fined in terms of microscopic granules of metal: T is the mecui temperature in the 

interior of a metall,ic granule at the metal-oxide interface; T_ is a mean tempera- 
ture at the external surface of the oxide film associated with'^the granule; and, 
allowing for non-uniformities in the oxide film on the granule, d is taken as a - 
mean oxide thicknesb. It was then argued that for an aggregate or^small granules, 
because of the near equality of T and T. from granule to gremule, the temperature 
gradient (T - becomes vanishingly small and ignition occurs. However, no 

calculations were attempted. 


B-BULK IGNITION ACCORDING TO THE THEORY OF HILL, ADAMSON, FOLAND AMD BRESSETTE- 
A second theory, also based on Eg. (10), was proposed by Hill and co-workers (44). 
These authors, however, noted that the calculation provided an estimate of the spon- 
taneous ignition temperature, rather than ignition temperature, and is thus con- 
sistent with the definitions of the present model. 


These authors balanced a rate of chemical energy release with a convection and 
radiation heat loss: 

* • • 

Eg (A-25) 

A conduction term into the metal was neglected because in their experiments the 
samples were heated uniformly. Using engineering approximations to the three terms 
in Eg. (A-25), good agreement between calculated and measured spontaneous ignition 
temperatures was obtained for 1020 steel in air. Vhe appropriate oxidation rate 
involved in ^^s measured in their own experiments. Ihe calculated values were 

dependent on rai^oxide thickness (as in the theory of Eyring and Zwolinski) . 


A major difficulty with the theory of Hill et al. is that the wrong size de- 
pendence of critical temperature is predicted. In their approximation of 
sample size dependence enters as follows: 


% 




Ay 



Eg (A-26) 


where de is now the characteristic size of the sample, and Re is the Reynolds number 
based on this size, nierefore, by virtue of the definition of Reynolds number: 


niat is, as the sample size is decreased, increases, emd so does the critical 

temperature. ” 


As in the theory of Eyring and Zwolinski, the theory of Hill et al fails for 
clean metal surfaces, that is, for zero oxide thicknesses, because in this case the 
reaction rate is inversely proportional to oxide film thickness. 


C-BULK IGNITION ACCORDING TO THE THEORY OF REVNOLDS - A theory of metal ig- 
nition was advanced by Reynolds (22), in which the temperature history of the 
metallic sample was described by the following energy equation, where conduction in- 
to the fuel is neglected: , 

I- ^ -- ^■^-• 5 )- '^<^■('5''-’'/^' S'-r-' E, (»-28) • 


where C 

s 

’’s 

t® 

^chem 
T. 




= total heat capacity of the sample, cal/°K; 

B surface area of the sample, cm^; 
s surface temperature of the sample, "K; 
s time, sec; 

= chemical energy release rate per unit eurea, 
s heat tremsfer coefficient, cal/cm^sec*^K; 

» sample recovery temperature, ®K; , o 4 
>= Stefan-Boltzmaim constemt, cal/cm^sec (”k)^; 


cal/cm'^sec; 
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^input 


surface emissivity, dimensionless; 

effective radiation temperature of the environment, °K; 

> any heat input independent of the body temperature, cal/cm sec. 


According to Reynolds, "the ignition temperature is seen to be equivalent to 
tlie temperature at which the body temperature begins to increase at an increasing 
rate. This may be expressed mathematically as the temperature at idtich dT /dt is a 
minimum. Thus, at ignition: ” 


or, from Eq. (a-28)>c 




ii 


s 


£ 




?)■“ 


= 0 


Eq (A-29) 


Eq (A-30) 


Reynolds defined ignition to occur at an inflection point in the surface 
temperature-time curve; as no equilibrium positions (with respect to time) are 
indicated in his model and as the surface temperature is rising in time, by defi- 
nition, the critical temperature has been exceeded. He then incorrectly indicated 
that dT^/dt goes through a minimxim at ignition, above the critical temperature. 

In the present model ignition occurs at a maximum value of dT /dt above the 
critical temperature, which is indeed an experimental criterion for° ignition. Mathe- 
matically, of course, there is no difference in the defining equation for ignition 
temperature, but the intuitive difference in approach to this equation is stressed. 


Reynolds wrote ^^hem follows: 






a 




Eq (A-31) 


where A is the reaction rate (g 0-/cm^sec) and Q . is the heat of reaction (cal/g 
0_ ) . He considered both linear 


U/ - t 

and peurabolic regimes of oxidation 


e 










Eq (A-32) 


Eq (A-33) 


where the K, ue the appropriate rate constants. A, are the appropriate pre-ex- 
ponential factors, E. are the appropriate activation energies, and R is the uni- 
versal gas constant.^ w is the weight of O, per unit area that has reacted with the 
metal at time t. 


Since 


yyy\ 




then 


and 


✓VT\ 


- /ATs 


ms 


Therefore*: 


K^- A, e 

~ /a.w ' ^ 

~ ^r/ATs 


•a 


Eq (A-34 
Eq (A-35) 
Eq (A-36) 
Eq (A-37) 


(Ar f K ) e 

where f is the oxide density, d is the oxide thickness, and ^ is the ratio 
of the~^ m»8 or oxide to the mass 01*^02 forming it. Multiplying by the heat re- 
lease per gram O 2 , heat release rates are obtained: 

^ c w, (Ar ^ / 1 e 

Substitution of Eq. (A-38) or (A-39) into Eq. (A-30) yields: 


Eq (A-38) 
Eq (A-39) 

Eq (A-40) 


Markstein (5) has shown that the placement of in the denominators of 
Eq. (A-36) and A-37), as in the original paper of Reynolds, is in error. 


where stibacript 


i equals 

1 or p, and where 

-r^ 

5.*- 


t; «/Ei 







It 

V 


^ iScU^ ^ 


V<SLck, 



Bq 

(h-41) 


Eq 

> 

1 


\ Eq 

(R-43) 


Eq 

(A-44) 


Eq 

(A-45) 


The T* i are dimeneionlees ignition temperatures,^ *, are dimensionless heat 
transfer coefficients, and the ^ ^ are called pyrophoricities by Reynolds. 


Reynolds noted that either an increase or decrease in the rate of convective 
heat transfer (and,, furthermore, when this term represents either heating or cooling]i 
will increase the calculated ignition temperature. 


Since the ignition temperature is expressed by the- universal cuarve Eg (A-40), 
all metal-oxidizer systems were expected to agree with this prediction. Reynolds 
calculated a family of curves of T* versus ^ for vaurious valtes of h*. He then 
measured ignition temperatures for”various massive systems. For the specific sys- 
tems, the oxidation rate data were taken from, the oxidation literature. Extremely 
good agreement between the curve of T* versus f) with h* eguzd to zero was obtained 
in all the cases investigated. Reynolds argued that this agreement with the case of 
zero convective heat transfer was a result of his measuring the ignition temperatures 
in quiescent atmospheres. Experimentedly, ignition was defined by "a shzurp break in 
the temperature curve . “ 

As noted previously, Reynolds' resulting theoretical definition of the ignition 
temperature. Eg. (A-30), is equivalent to that of the present investigation. Eg. (14). 
The experimented definition is also equivalent. Thus agreement between theory and 
experiment, within the e:g>erimental error and the theoretical error in estimating 
the various peurameters which appear in Eg. (A-41) - (A-43), is not unexpected. How- 
ever, in the theory of Reynolds, the ignition temperature is predicted to be inde- 
pendent of sample size, and, furthermore, no pressure dependence is predicted, be- 
cause of the experimental indication that convective heat losses to the ambient gases 
aure negligible. 

D-BULK XGNZTZCai ACCORDING TO THE THEORY OF TAXIfY - Talley (45) made a calcula- 
tion of "the minimum temperature above which the combustion of boron is self-sus- 
taining. ... by equating the rate of heat generation by chemical reaction with the 
rate of heat loss by radiation as functions of temperature." He referred to this 
temperature as an ignition temperature, but, of course, in the present model this 
temperature is defined as the critical temperature. Estimates of the reaction rate 
were acquired from data about 700°C below the Ignition temperature in a temperature 
regime in idiich the evaporation of B 20 ^ from the metal surface is rate-determining. 

As Talley recognized, because only a radiation heat loss mechanism is assumed, 
the theory is valid only for large sanqples. under these assumptions, an ignition 
temperature of about 192S”C was predicted for large B sanqples in O,. Because of the 
experiment employed to investigate the ignition process, critical and ignition tem- 
peratures could not be distinguished. 

By introducing a 1 mm diameter B rod into an O.-rlch natural gas flame and 
using a corrected optical pyrometer to measure surface tenq)erature. Talley made the 
following observations; "at temperatures about IBOO^K the boron was observed to burn 
relatively slowly. Between 1800 and 2100°K the rate increased evenly. A temperature 
of 2230 K (1957^0 was the highest temperature before there was a sudden increase in 
burning rate." The correspondence of the temperature of this sudden rate change and 
the calculated ignition temperature is excellent. 

As is the case with most of the other theories discussed to this point, Talley's 
theory predicts that the calculated critical temperature is independent of sample 
size and oxidizer pressure. 

E-SINGLE PARTICLE IGNITION ACCORDING TO THE THEORY OF FRIEDMAN AND MACEK - 
Friedman zuid Macek (13) developed an ignition theory in order to explain their ex- 
periment 2 LL results on the Ignition of A1 particles. They later applied similar ideas 
to the ignition of Be (46). 
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•She atten^t to explain their resulta on the basis of a simple heat balance led 
to several discrepancies with their experimental results, nie theory predicted a 
strong dependence of the ignition ten^erature on peurticle size and on ambient oxi- 
dizer concentration, whereas experimentally these parameters had little influence 
on ignition temperatures. Also, predicted ignition temperatures were considerably 
higher than the measured teng>eratures. 


In order to circumvent these difficulties, on the buis of the experimental 


association of the Al ignition temperature with the melting point of Al.O. they 
assume that a discontinuous increase in reaction rate occurs at the melCing point 
of the oxide, Tjjr (T is the particle temperature): 




T 5 ^ 

Eg (A-46) 




'S — np 

Eg (A-47) 


where Q, 
at the 
k' k 


Uwam heat of reaction (cal/mole), c i 

particle surface (mole/cm'^ ) , euid k and k* are 


is the concentration of oxidizer 
rate constants (cm/sec), with 


?\iro heat fluxes in the ambient gas were considered: 


I 

i 


c«vJL , 




"3 


- C 3 3/J 


Eg (A-48) 
Eg (A-49) 


where 4oond a ^“o***® lost by conduction, 

gas (cal/cm'iec k), T is the gas temperature 


k_ is the thermal conductivity of the 
(®K), d is the particle diameter (cm). 


4 ., .. is the heat flux^due to oxidizer diffusion to the reaction zone, D is the oxi- 
dSzir di|fuaivity (cm‘‘/sec), and c is the oxidizer concentration at infinity 


(mole/cm ) . 


Because the puticle is assumed to be at uniform temperature ' , conduction 
into the particle is neglected. Radiation losses are also neglected^in the ignition 

process. 

A ten^rature defined by an eguilibrium: 


3 * S 


Eg (A-50) 


~ (A-51) 

exists below the oxide melting point; above this ten^erature the particle may self- 
heat (that is, this temperature is, in terms of the physical model, tdie critical 
temperature}. Die authors referred to title temperature as the minimum ambient tem- 
perature required for ignition. 


Friedman and Hacek proceeded in this meunner in order to evaluate the oxidizer 
concentration at the particle surface from Eg. (A-50), (A-48), and (A-49); 


Eg. 


^3 ' ^ 3 '- 

(A-51) may ba rawrittan: 




C, K ^K^(n-Tg)/d 


Eg (A-52) 


Eg (A-53) 


Eg. (A-52) is then substituted into Eg. (A-53) and the expression for the minimum 
ai^ient temperature reguired for ignition is obtained: 








Eg (A-54) 


Eg (A-55) 


Since at ignition, - Tj^, Eg. (A-54) becomes; 

HP ~ 

Friedman and Nacek noted that the correction term, the second term on the right 
hand side of Eg. (A-55), is extremely small compared to which explains the ob- 

served small dependence of ignition temperature on d and In 


Ihe theory is applicable only to small particles because conduction into the 
interior of the particle and radiation to the surroundings are neglected. 
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A major difficulty with the theory is that as the puticle diameter ie in- 
creased, the minimum ambient temperature required for ignition (or critical tem- 
perature) decreases. Also, k, the reaction rate, vAiich appews in Eg. (A-55) is a 
function of temperature, and pressure. 


F-DUST DISPERSICXI IGHITKMI ACCOSDIMG TO 1BE THEORY OF NAGY AMD SURINCIK - Nagy 
and Surincik (47) have recently developed a theory for ignition of dust dispersions. 
Their theory was tested against experimental results on the ignition of dust dis- 
persions. Their theory was tested against experimental results on the ignition of 
cornsteurch; nevertheless. Inasmuch as dust dispersion experiments give ignition 
temperatures «hlch have little correlation with transition temperatures (12), the 
Ignition temperatures of dust dispersions of cornstarch or metal powders are ex- 
pected to be predicted equally well by a theory tdiich does not include a transition 
temperature concept. 


Again a sinq>le heat balance is used to define ignition, so that in actuality, 
a critical rather than ignition temperature is estimated: 



Eg (A-S6) 


Because of the natwjpe of the sample configuration, some«diat more complicated ex- 
pressions for the heat flukes result. Also, heat fluxes per unit volume rather than 
per unit area are considered. 


The following assumptions were made: 


1. The entire system (gas plus particles) is described by the equation of state 
pV s RT, where p is pressure, V is volume, R is the universal gas constant, and T is 
the temperature. 

2. The dispersion is uniform with respect to volume, and the volume of the 
pcurticles is negligible with respect to that of the gas. 


3. Mass transfer is negligible during ignition. 

4. Heat capacities are temperature independent. 

5. Heat transfer occurs primeurily by conduction 2 uid convection and is linearly 
proportional to the temperature difference. 

6. Any action of the addition of an inert dust to the dispersion is strictly 
thermal. 

7. A bimolecular oxidation process is assumed, and the rate variation of this 
process witii respect to temperature is expressed by an Arrhenius-type function. 

The heat release due to reaction per unit volume may then be expressed: 

^ (*-57) 

where all symbols have their previous meanings, and there <X is the order of the 
reaction with respect to fuel (F) and /3 with respect to oxidizer (OK) . (F) and (OK) 

are the relative molar concentrations per unit volume. Several simplifications of 
Eg. (A-59) are made as indicated below. 


Since O. is the only reacting component of the gas phase, "the system may be 
considered unlmolecular with respect to the gaseous phase. Thus the term p/RT is 
taken at the first power rather than at the second power, and the units of A become 
1/sec. The system contains the inert gases nitrogen and admixed carbon dioxide, and 
the rate of reaction is lowered by the fraction , vhich represents the proportion 
of oxygen in the atmosphere.” Since at ignition, by definition the concentration of 
products is negligible: 


C F) f (ok) 


Eg (A-58) 


Because the number of moles of o, per unit volume is p /RT, the weight of O, per 
unit volume, Z, is: ^ 




where^Q is the molecular weight of O 2 . 


Eg (A-59) 


The effective surface area of the dust is included in the chemi :al heat release 
rate by modification of the activation energy, that is, exp (-E/RT) i.f replaced by 
exp (- 0 -E/RT), where a~ is the effective surface area of the dust, an S B is a 
property only of the fuel. Finally, 


Eq (A-60) 


(F) = ( %/%)/( 1- B ) 

where X is the initial dust concentration in g/cm^ and ^ , is 
of the dust Ohen: - *t r / 

(F)*^ 0-CP)l^ 

H i-(yc) 


the molecular weight 



Eq (A-61) 
Eq (A-62) 


where 




Eq (A>63) 


Ohus combining Eq. (A-57) through (A-62): 

icAu. ' ^ ^ ^ 




Eq (A-64) 


The rate of heat loss per unit volume is expressed in the following manner: 

%JU ■■ L ? 9.' -FF'J(T-rf) E, (A-65 ) 

idiere subscript i includes all constituents of the dust and gas system, k, is the 
coefficient of heat transfer of species i (including conduction, convection, and 
radiation), (1/sec), N. is the concentration of species i at the furnace tempera- 
ture T. (g/cm^ ), c . is the specific heat of species i at T- (cal/g^K), and V 
is ^e'^rate of heat^'^loss per degree per unit volume to the vessel walls (cal/ 
sec^Kcm^ ) . 


The experimental results indicated that the heat transfer coefficients, k., are 
all of the same order of magnitude. Thus, 


and 


Ki ■- K 


Following Semenov, the approximation is made: 

r-7f 

(A-65) becomes in its final form: 

^-7 

The condition for ignition, Eq. (A-56), is then: 

f 4<Bcu^ i } e - 


Eq 

(A-66) 

Eq 

(A-67) 

Eq 

(A-68) 

Eq 

(A-69) 

Eq 

(A-70) 


Nagy and Surincik obtained the values of cT , k* , V, a(, jBt and b, tdiere 

K 'h Kfi w <*-’*> 

from their experimental results on the ignition of cornstarch. They then varied the 
furnace temperature and concentrations of fuel dust, inert dust, and oxygen over 
wide ranges, and found an excellent correlation between theory and experiment. Pre- 
dictions of ignition limits were also verified experimentally. 


G-QUIESCENT PILE IGNITION ACCORDING TO THE THEORY OF ANDERSON AND BBLZ - 
Anderson and Belz (48) proposed a qualitative theory of the ignition of quiescent 
piles of metal powders. In particular, they considered the ignition of zr in o 
It was assumed that a spherical mass of powder of radius r is in perfect contac 
with a heat reservoir at ten^erature T.. This spherical mass of powder consists 
of spherical particles of diameter d. '^"If the rate of heat development at the center 
of the mass is greater than the rate at which the heat can be transported to the con- 
tainer, ignition eventually occurs. Then, the following condition is necessary to 
ignition: rate of exothermic heat development ;> rate of heat loss.*’ Therefore, 

this theory is a discussion of the critical temperature for a quiescent pile experi- 
ment. 


The appropriate reaction rate law for Zr in O 2 was taken as 

^ gq (A-72) 

where w is the increase in weight of the metal sample per unit area. The reaction 
rate per unit area is then: 
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^ 4 

at ^ f tr 




^Sbjer 


at ^ f tr ^ 

where all symbols have their previous meanings. 


Ihe total surface area per gram of a system of uniformly sized particles is 
d, fdicre^ is the metal density*. Anderson and Belz then wrote the rate of 
heat generation by the center element as 

fas. -- 

where A* includes all previous constants. 


nie heat loss term is assumed to be of the formj 


tAu - xCr-r.)/^ 


Eq (A-75) 


ihere k is the appropriate thermal conductivity of the particle plus void configu- 
ration. The criterion for ignition then becomes: 


(A'3!,ji^/yp > xCr-n)/, 


Eg (A-76) 


Anderson and Belz noted that this expression could not be solved for the ignition 
temperature T in terms of the ambient temperature T_. However, simplifications are 
possible if the assumption that (T - T.) is equal to a small constant value is made. 
Then Eq. (A-76) may be written: 


To ■> 




Eq (A-77) 


Eq (A-78) 


Anderson and Belz stated that "various interpretations of the time factor in 
this expression are possible. If it is interpreted as an inverse function of the 
external heating rate, then the expression predicts a decrease in ignition tempera- 
ture with heating rate. This is the experimental case for small sanq>les. In the 
case of larger sanq>les, the increase of ignition temperature with heating rate is 
attributed to increased lag of internal tenq>erature with respect to external tempera- 
ture. . . . The expression is in qualitative agreement with the data, as regjurds 
particle size." The trend predicted is that the ignition temperature will decrease 
with decreasing particle diameter, d. 

H-QUIESCEMT PILE IGNITIOI ACCORDING TO THE THEORY OF TBTENBAtRl, HISHLER, AND 
SCHNIZLBIN - Tetenbaum et al (49) correlated their experimental results on the ig- 
nition of quiescent piles of u powder in o, on the basis of the ignition theory of 
Frank-Kamenetskii. They also applied an ignition theory of Murray, Buddery, and 
Taylor, which was originally developed in light of the data of Anderson and Belz 
(48). 

Using the stationary homogeneous ignition theory of Frank-Kamenetskii, Teten- 
baum and co-workers found excellent agreement between their experimental results and 
ignition temperatures calculated on the basis of the critical size result of Frank- 
Kamenetskii (16) with , the shape constant, equal to 0.88, that is, for a one- 
dimensional container. 

The agreement between a theory developed for homogeneous gas-phase systems with 
results obtained in a quiescent pile powder experiment no doubt results from the homo- 
geneous nature of this latter experimental configuration, that is, the small metal 
particles separated by spaces filled with O,. Again, Eq (10) is the defining equa- 
tion in this theory, a critical temperature^has been calculated. 

Tetenbaum et al then applied a theory due to Hurray, Buddery, and Taylor; the 
physical basis of this theory is questionable. Here no heat losses are included, and 
all the heat generated by the chemical reaction is used to increase the tenq>erature 
of the pile of po%«der. Effectively, then, the critical ten^erature for this theoret- 
ical amdel is zero, for as long as any exothermic reaction occurs, the temperature 
of the sample will increase until ignition occurs. 

According to Hurray et al as quoted by Tetenbaum and co-workers, the rate of 
heating due to chemical reaction of a metal powder in the linear oxidation rate 
regime isi 


* Anderson and Belz erroneously gave this expression as 6/^d^, but apparently 
used 6/^d in their subsequent calculations. / 
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vAiere H is 
within the 
dT/dt = fi. 


Also, 


oit ^ P 


Eq (A-79) 


enthalpy, M is the mass of the powder, d is the diameter of a particle 
powder, and ^ is the density. If the container is heated at the rate 
then the total enthalpy generated upon heating from 298^K to T^K is: 





Eg (A-80) 


AT' Eq (A-01) 

%diere c is the specific heat of the powder and ^ T is the temperature rise : 
sulting^frOT reaction upon raising the container teenerature from 298 '’k to T°K 
a rate of itf°K/min*. Thus, 


re- 

at 




7 - ^ 


After integration, Eq. (A-82) may be written: 




Eq (A-82) 


Eq (A-83) 


vdiere is the container temperature at which ignition occurs, T is "the 
difference in temperature between the sample and container at ignition." 


On the basis of the data of Anderson and Belz obtained with Zr powder (48), 
Murray and co-workers took T><c50°K. Tetenbaum et al. used this value of T and cal- 
culated ignition temperatures, T_, for their experiments from Eq. (A-83). Again, 
excellent agreement between theoly and experiment was obtained. 

At first sight, there is an appenrent contradiction between these two tdieories. 
Critical ten^ratures are calculated from the theory of Frank-Kamenetskii because of 
^e starting equation, Eq. (10). Because no heat losses are involved in the theory 
of Murray et al., the critical temperature is zero and the calculated tei^perature 
may be an ignition tenq>erature. Yet ten^ratures calculated from both theories agree 
extremely %rell with each other and with experiment. This could mean that the criti- 
cal and ignition temperatures are equivalent in this particular experiment. 


First, hoiwver, it is not clear that Uie temperature calculated from the Murray 
theory is an ignition temperature,, and particuleurly the ignition tesqjMrature as de- 
fined in tile physical model of metal ignition. Secondly, in this theory, ignition is 
regarded to occur when the amount of sample self-heating over the container tempera- 
ture, A T, is equal to S0 ”k. This value, hoiMver, was estimated on the basis of 
results of Anderson and Belz. 


It was shown in the previous sections of this chapter that these latter in- 
vestigators most likely measured critical tenqperatures rather than Ignition tempera- 
tures. Ihus, the agreement of the Murray and Frank-Kamenetskii theories is not for- 
tuitous, because the choice of A T«S0°K was based on critical temperature data. 


There la a typographical 
Hc_ A T. Eq. ^-81) above 


error in the definition of H in Ref 
is correct. 


(49), in idiich 
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